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A series of silica-polyamine composite materials have been developed for the removal
and recovery of metal ions from aqueous heavy metal waste streams. Performance
optimization of these materials has teen conducted using physically different silica gel
samples and polyamine chelating agents. Fumed silica gel is available in a wide range of
particle and pore sizes. The polyamine chelating agents can be obtained in molecular
weight ranges of 300-40,000 g/mol, either as polymers or polyamine mixtures, in linear
and branched forms.
Batch tests and flow tests were conducted to determine the material performance under
equilibrium and dynamic conditions, respectively. The materials were also subjected to
longevity testing, 1500 repetitions of adsorption-desorption, under both ambient and high
temperature conditions to determine the thermal and mechanical stability. We have
found that in order to maintain reasonable hydraulic throughput, 100-micron silica is the
minimum particle size. Pore size was found to be the most dominant feature of the
materials. Flow and longevity test results show that materials prepared on larger pore
silica had higher copper capacities. The molecular weight of the polyamines did not have
an effect on flow capacity; however, their structures were integral factors for copper
chelation in batch tests and also for mechanical stability during longevity testing. When
tested at high temperatures, WP-1, the first silica-polyamine composite material
extensively tested, was foimd to be mechanically superior to chelating resins that are
currently commercially available, losing very little capacity with use.
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CHAPTER 1: INTRODUCTION
The remediation of heavy metal-containing aqueous waste streams is of great
importance to many industries, including metal plating sites, paper mills, and power
generation plants,'"^ as well as environmentally for remediating acid mine drainage' and
green ore processing.

Many techniques are currently being used to remedy these

problems. Most heavy metal removal is done by precipitation as the hydrous metal
oxides, with CaO, or as carbonates.^ This method is very inexpensive and simple, but
results in a mixed metal sludge from which individual metal species cannot usually be
recovered. Therefore, the value of the metal is lost and there are costly disposal fees."*
To effectively and economically treat these heavy metal waste streams, innovative
remediation materials must be able to reduce metal ion concentrations to dischargeable
levels at high throughput rates, recovering the desired metal ion in a relatively pure,
concentrated solution. High capture capacities for the metal ion must also be maintained
for numerous cycles.^
Many research centers have attempted using low-cost, readily available binding
media for the remediation of heavy metals from aqueous solution. Studies have been
conducted using crustacean shell material as the particulate media,^ and activated carbons
from apricot stones and coconut shells,^ peanut hulls,^ and zeolites'^ have been used for
the binding agents.
The usage of chelating agents for the removal of heavy metal ions from waste
streams is a popular method used today Chelating agents, molecules having one or more
of the same donor atom that is "electron sufficient", such as N, O, or S,^ can be bound to
support matrices. This allows them to be used in many industrial and environmental
1
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settings. Chelating agents allow not only remediation but also recovery of the heavy
metal ions in solution. Recovery of the metal could potentially offset the total costs of
remediation.^
One remediation material that employs chelating agents is ion exchange or
chelator resins. These are the most widely used materials for wastewater treatment and
metal recovery Commercially available chelator resins are expensive and do not have
very long usable lifetimes, but are relatively easy to maintain and remove aqueous metal
ions from solution fairly well. Nadeau and Dejak (1986) describe the usage of these
resins for copper recovery at an electroplating plant. The ion exchange resins are packed
in short columns and the contaminated water is pumped through. Hydrogen or sodium
ions on the resin are exchanged for the metal cations in solution. The water emerging
from the column is relatively metal-free, yet quite acidic due to the increased number of
protons in solution. To recover the metal from the resin, and regenerate the resin for
repeated use, 10% sulfuric acid is pumped through the column followed by a distilled
water rinse. The copper elutes as a sulfate solution (convenient for repeated use in the
plating process) and the resin is equipped with protons and ready for reuse. Most of ion
exchange resins suffer from many disadvantages including low metal selectivity, less
than optimal eluent metal concentrations for industrial usage, and shrinking and swelling
of the resin.'

Helferrich suggests that the shrinking and swelling cycles of ion exchange

and chelator resins are due to the heat loss/gain during the ionic interactions of the resin
surface and metal solution.

3

The research group at the University of Montana, in collaboration with Purity
Systems, Inc. in Missoula, MT, has developed a series of silica-polyamine composite
materials that mimic the heavy metal binding effects of chelator resins. These materials
have been found to be superior to chelator resins due to many factors including a silica
base for mechanical and thermal stability and overall better performance in metal ion
capacity tests.^ This study expands on the initial comparison with Amberlite IRC-718
where high temperature and increased throughput tests were conducted." In addition,
this thesis deals with the performance characteristics of the materials, including the
effects of particle size, pore size and polyamine chelator characteristics on the metal
capture capacity.

CHAPTER 2; BACKGROUND
2.1 Summary of the Patent
Silica-polyamine composite materials have been developed by Rosenberg, et al.
which selectively remove dissolved heavy metals from aqueous solutions, ranging from
potable water to contaminated industrial waste streams, in the presence of alkali or
alkaline earth metals. The "surface-modified" silica composites are cheap and easy to
synthesize, requiring a minimum of organic solvents. In these materials, a solid siliconoxide particulate, like silica gel, is bonded to water soluble polymers that have an affinity
for chelating heavy metal ions. This process begins by acid washing the silica gel to
maximize the surface -OH groups. (Note; The surface of the silica gel includes both the
outer surface and also the inner, very porous surface). The silica gel surface is then
covered with a "monolayer of water", hydrating as many -OH groups as possible.'' This
ensures that the entire surface of the gel can be further activated and promotes even
coverage of the reactive surface. Without the monolayer of water, the silane adsorbent
can bind in clumps rather than in an even layer.The surface is then silanized by adding
a short chain organosilane (1-6 carbons) with a terminal leaving group.

A dry

hydrophobic solvent is used to prevent self-polymerization of the silane before it reached
the silica surface and also to keep the water layer intact.^

This results in lateral

polymerization of the silane anchor, which is "covalently bound to the gel surface by SiO bonds and cross-linked by Si-O-Si bonds" parallel to the silica surface.This silane
layer results in virtually complete coverage of the gel, 94%, and reduces steric hindrances
when chelating agents are added.Beatty, et al. reported at least 80% coverage of the
gel surface with the silane anchor.^ Polyamine addition to the anchor results in amino
4

functionalities on the ends of the alkyl chains.'^ Detailed syntheses of these materials are
provided in the synthesis section (Chapter 5.2). Figure 2.1 illustrates this synthesis.

Figure 2.1: Synthesis of Silica-Polyamine Composites13
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Other research groups have synthesized similar composite materials.

For

example, Ramsden (1985) attempted the addition of the organosilane anchor,
trimethoxysilane, combined with the polymer, ploy (ethylene-iminopropyl), in one step to
anhydrous silica gel.^'^ This resulted in incomplete coverage of the gel surface due to
large molecules causing steric hindrances and preventing full coverage of the surface.'^
This could also be due to the usage of water as a catalyst for the addition of the anchor
and polymer. This could lead to self-polymerization of this large group and possibly
attack by the basic polyamine on the gel surface during interaction. Since many silanol
groups (See Figure 4.1 for examples) are believed to remain unreacted, this leads to the
degradation of the material. The Ramsden synthesis was modified by hydrating the gel
surface before adding the anchor and polymer, but with only slightly better results. ^
See Figure 2.1 for a comparison of the synthetic approaches for the Ramsden and
Hydrated Ramsden techniques and the patented Rosenberg stepwise synthesis.
In addition to these syntheses, Deorkar, et al. has developed "inorganic
chemically active adsorbents", which include substituted quinoline and oxime groups,
based on ceramic materials.^

7

Figure 2.2: Materials Synthesis: a. Ramsden, b. Hydrated Ramsden, and c. Rosenberg'
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b. Ramsden Synthesis With Monolayer of H^O
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Usage of these materials is very similar to chelator resins when they are packed in
columns. Contaminated water is pumped through the colunms, and the metal cations
become bound to the polymer amine groups.'^ The effluent emerges with reduced metal
concentration. To remove the metal from the column and protonate the amine sites, 4N
sulfuric acid is pumped through the gel, eluting a very concentrated metal ion solution.
The column is then rinsed with distilled water, regenerated with 4N ammonium
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hydroxide, and again rinsed with water. The base is used to deprotonate each amine site,
allowing the gel to bind metals once again.

2.2 Previous Development
Beatty, et al. compared WP-1 to the Ramsden materials to determine the effect of
more complete gel surface coverage.

Several tests were conducted on both Ramsden

materials and WP-1 gel. The results indicate that incomplete gel surface coverage results
in increased degradation of the material. After repeated use (3000 cycles in a 1 x 5 cm'
column at a flowrate of 10 mL/min), the physical stability of WP-1 is relatively constant,
with little or no degradation and an average copper capacity of 0.79 mmol/g.^ The
maximum copper capacity of Ramsden was 0.50 mmol/g and for Hydrated Ramsden it
was 0.54 mmol/g. See Figure 2.2. Neither Ramsden materials successfully complete the
testing due to irreversible clogging of the column. Each Ramsden material also acquired
a 4-5 mm void pocket in the column.' This indicates that the method developed by
Rosenberg, et al. with the lateral polymerization and cross-linking of the silane, promotes
more mechanically rigid materials that withstand numerous sequential tests.

9

Figure 2.3: Materials Comparison; WP-1, Hydrated Ramsden, and Ramsden
Longevity of WP-1, Hydrated Ramsden, and Ramsden
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Additionally, Robert J. Fischer, Dr. Susan T. Beatty, and David Pang have studied
how the WP Series of silica-polyamine composites perform for removing various metals
from solution. The WP Series is composed of WP-1 (silica-PEI), WP-2 (silica-PEI-CH2COOH) and WP-3 (silica-PEI-EtSH).^ WP-2 and WP-3 stem from WP-1, but include
different terminal binding sites and have affinities for different metal ions due to specific
complexation chemistry and the acid-base interactions between the chelating ligand and
the metal.Figure 2.3 represents the WP Series.
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Figure 2.4: The WP-1 Series of Sihca-Polyamine Composites^
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Samples of contaminated mine wastewater from the Berkeley Pit Superfund Site
in Butte, MT were used to determine the efficiency of these three materials. Fischer, et
al. found that WP-1 and WP-2 were both highly effective for reducing specific hard

metal 10ns to low levels. 5 Using three 4.5 cm"^ columns connected in series, 1000 mL of
Berkeley Pit test water (pretreated with 30% H2O2 to precipitate out iron) was treated
using both WP-1 and WP-2 in separate tests. WP-1 reduced Cu (II) from 182 ppm to 1.9
ppm and Al (III) from 280 ppm to 0.1 ppm after the first column. The remainder of the
metal ions was almost completely extracted in the following columns. Zinc (II) was not
extracted in large amoimts in the first two columns, but 50.4% of the original 640 ppm
was chelated in the third column. WP-2 showed similar results, but was even more
selective towards Cu (II). Other flow tests, using prepared mixed-metal ion solutions
resulted similarly^
WP-3 effectively reduced "challenge" metal ion concentrations of 6 ppb Hg, 30
ppb Cd, and 150 ppb Pb to less than 25% of the Maximum Permissible Level (MPL),
established by the EPA for drinking water standards.^ This was achieved using a 50 g
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(78.5 cm^) column of WP-3 after 400 gallons of challenge water at a flow rate of 2
L/min. However, unlike WP-1 and WP-2, the impressive binding properties that make
WP-3 so effective also make the metal ion much more difficuh to recover. Thiolfunctionalized adsorbents exhibit strong interactions with soft Lewis acids, like the
metals mentioned above. Other thiol-containing materials tested in mixed metal solutions
extracted Hg(II) almost exclusively, with only negligible amounts of the other metals
17
extracted, the majority of them "hard" metals. The soft -SH chelating group binds very
strongly to soft metals.
Comparisons were also made between WP-1 and a commercially available
chelator resin. A sample of the chelator resin Amberlite IRC-718 (manufactured by
Rohm and Haas, Philadelphia, PA) was provided by Kinetico Engineered Systems, Inc.
(Newbury, OH) for comparison to our silica-polyamine composite materials. IRC-718 is
heavy metal selective, even in the presence of alkali and alkaline earth ions, due to "an
iminodiacetic acid fimctionality bonded to a macroreticular, very stable, styrene-divinyl
benzene matrix".'^ See Figure 2.4. This chelator resin is commonly used in waste
treatment and chemical processing; however, pH, the metal ion concentration, and waste
solution matrix can affect the success of metal ion adsorption.'^
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Figure 2.5: Amberlite IRC-718
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When compared to the chelator resin IRC-718, WP-1 performed very well.
Following procedures outlined in Beatty, et al}^ it was found that WP-1 had a much
higher affinity for copper than IRC-718 (0.84mmol/g for WP-1 and 0.27mmol/g for IRC718) during room temperature flow tests in 1 x 5 cm columns at 10 mL/min flowrates.
WP-1 had a lower capacity for nickel (H), but still higher than IRC-718 (0.40mmol/g for
WP-1,0.28mmol/g for IRC-718). The longevity (numerous repetitive cycles) of WP-1
and IRC-718 were also compared. The longevity of these materials is very important to
determine optimum performance, duration of use, and lowest cost of water remediation.
WP-1 lost only 3.5% of its full capacity after 3000 room temperature cycles; however,
the capacity of IRC-718 decreased by 22.2% its original amount. (These values were
calculated using the flow test average as the initial longevity capacity and the final
capacity at 1500 to determine the percentage difference.) See Figure 2.5 for a
comparison of the longevity trends. Appendix III is comprised of fractional
representations of the longevity tests. The fi-action of Cu (II) adsorbed is calculated using
the mmoles of Cu (II) adsorbed (from the capacity in mmol/g) divided by the mmoles of
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Cu (II) introduced to the column." During the longevity testing, the average capacity of
WP-1 was 0.79 (0.01) mmol/g while IRC-718 was 0.28 (0.01) mmol/g. Shrinkage of
Amberlite IRC-718 was also evident, resulting in void spaces and high backpressures
requiring regular backwashing about every 250 cycles. Kinetico Engineered Systems,
Inc. suggests backwashing IRC-718 only when suspended materials clog the column.'^
However, in this case, suspended material was not present and therefore did not cause
high backpressures. The slow degradation of this chelator resin would limit its use in
long-term, high-volume remediation processes.

Figure 2.6; Comparison of Material Longevity: WP-1 vs. IRC-71811
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CHAPTERS: PROJECT GOALS
3.1 Optimization of Material Performance
The primary goal of this project is to optimize the performance of the composite
materials by using physically different silica gels and polyamine chelating agents. All
previously used materials were prepared from 90-105

particle size, 150 A pore

diameter silica gel from Crosfield (United Kingdom). The combination of this gel with
various polymers has proved successful with only minor problems, the most important
being increased backpressure when the column is being loaded with metal ions.
Flowrates generally slow down, e.g. from 50 mL/min to 40 mL/min, while loading the
column, but return to the set rate when the metal ions are eluted with acid. Increasing the
particle size of the silica gel could remedy this problem. Larger particle sizes generally
allow faster hydraulic flowrates, but also could reduce total surface area inside a column.
However, total surface area strongly depends on other characteristics like pore volume.
Nevertheless, there could be a loss of capacity for metal ion capture. Larger particle sizes
are also not as physically stable and could degrade faster.
Another physical feature affecting capacity is pore size. Silica gel is very porous,
and is mostly constituted of pores that resemble "interconnected charmels".'^ Brown, et
al. describes the appearance of porous gel, seen by electron microscope, as a "disordered

wormhole structure".'^ This random porosity greatly increases the surface area of the
particles. It has been documented that the ratio of the outer surface area of a silica
particle to the inner is about 1:1000.^° Different pores can also house different chelating
groups, depending on size and shape. Silica gels with small pore characteristics, like
microporous gels with average pore diameters of <8 A, can potentially exclude metal ions
14
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from the pores due to a hindered thermodynamic ability to bind within a very confined
space. Mesoporous silica gel, with an average pore diameter of 50-200 A, could possibly
alleviate this problem by enlarging the entrance to the pores and reducing possible steric
effects.

Pelekani and Snoeyink used activated carbon fibers with different pore sizes

to remediate organic contamination and found size exclusion to be an important result.
The physical features of the silica gels are further discussed in Chapter 4.
The type of chelating agent used could also play an important role in the capacity
of the material. Branched and linear polymers may have different properties when in
contact with the metal ions and also in how they bind to the silica gel, depending on the
physical properties of the gel. Mixtures of non-polymeric polyamines and polymers of
varying molecular weights could also affect the metal ion capture capacity. Generally,
the thickness of the polymer layer that is adsorbed increases as the molecular weight
increases, but at some point becomes independent of the molecular weight.'^ These
differences will be tested to determine if there is an optimal polymer or polyamine to use.
Lastly, it is of interest to optimize this line of new materials with respect to the
cost of production. Large corporations have expressed an interest in these materials as
replacements for commercially available ion exchange or chelator resins currently in use.
Therefore, inexpensive raw materials are of great interest to this project. The density of
the final products is also an important factor to consider when manufacturing these
materials in bulk quantities. Corporations would most likely order large quantities by
volume (per cubic foot), so a low-density material that works very well is desired.

16

3.2 Experimental Methods
3.2.A Capacity Testing
In order to optimize the performance of these materials, a standard test solution of
50 mM Cu (II) will be used and several capacity tests will be conducted. Batch capacity
tests (static) will be done to determine the efficiency of metal ion removal under
equilibrium conditions. Flow capacity tests (dynamic) will be used to determine the
performance of the material in a column with a set flow rate. Usable lifetimes (longevity)
will be investigated by measuring flow capacities during 1500 cycles of adsorption,
desorption, and regeneration. The longevity test is the most crucial for evaluating these
materials for industrial and environmental applications.

3.2.B High Temperature and Increased Flow Rate Tests
An additional goal of this project is to test the WP-1 material at high temperatures
and increased flow

rates.

These conditions would further extend the industrial

applicability of these materials. Several industrial processes, for example nuclear power
generation, use water to cool hot surfaces. This water becomes heated and heavy metals
are leached from the cooling coils. Therefore, the metal concentrations can become
higher and remediation of the water is needed. Currently, the water must be cooled
before it can be treated.

If the silica-polyamine materials perform well under high

temperature conditions, the remediation of the waste water could be expedited by treating
hot water. Flow and longevity tests will be done to determine the performance of WP-1
and IRC-718 with hot 50 mM copper sulfate solutions. All of the other solutions in the
extraction sequence will be kept at room temperature.
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3.2.C Low-level Metal Ion Removal
One last possible application of the composite materials is for low-level removal
of metal ions from tap water. This is to investigate how low concentrations of metals
interact with the materials. This could be applied industrially for potable water treatment.
This will be a large-scale, high throughput test, using room temperature tap water and a
50 g column of WP-1 gel. WP-1 gel is used for the high temperature and low-level
testing because, to date, it is the most well characterized gel we have studied.

CHAPTER 4: RAW MATERIALS
4.1 Silica Gel: General Information
Silica gel is a highly porous, amorphous material with a chemical formula of
'yy

Si02*H20.

It has many uses including acting as an adsorbent material, drying gases for

use in blast furnaces, and "freeing petroleum from sulfur compounds".

Water is

chemically bound to all surfaces of the gel in varying amounts, depending on relative
humidity and gel characteristics, like the extent of surface hydroxylation. Silica surface
chemistry varies widely and consists of five main types of adsorption sites. These sites
are shown below in Figure 4.1 and are as follows; 1. Free silanol, 2. Silanol groups with
physically adsorbed water, 3. Siloxane bonds, 4. Geminal silanol groups, and 5
Hydrogen-bonded silanol groups.

Figure 4.1: Surface Silanol Adsorption Sites

Silanol groups are weakly acidic due to strong Si-0 bonds which reduce the strength of
the O-H bonds.
There are several methods used to synthesize silica gel. Equations 4.1 and 4.2
represent one conmion route.

Si02 (s) + Na2C03 (aq) —> Na2Si03 (aq) + CO2 (g)

(Eqn. 4.1)

Na2Si03 (aq) + HCl (aq) —> Si02(s) + NaCl (aq) + H2O (1)

(Eqn. 4.2)
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During the synthesis, parameters like rate of precipitation, rate of stirring, rate of HCl
addition, final pH and temperature are closely monitored in order to control the physical
characteristics of the Si02. These include particle size, pore diameter, pore volume, and
surface area (communication with personnel at the Qingdao Meigao Chemical Company,
Ltd., Liuting, Chengyang District, Qingdao, China).

Each of these physical

characteristics contribute to the overall binding ability of silica gel. Holdemess briefly
describes this process taking place at 373 K, resulting in 5-7% hydration of the silica gel
surface.^'
Particle shape is important when considering usage of silica gel in a column.
Silica gel can be spherical or irregular in shape, depending on synthetic conditions.
Particles ranging from 25-100 fj are more likely to be spherical than larger particles. Due
to the non-uniform packing nature of irregular silica gel, problems such as increased
backpressure and channeling of the flowthrough can occur during analysis in a column,
resulting in overall lower efficiency.

In addition to the shape, the size of the particle is

also important for usage in columns. Particle size of spherical silica gel is an average of
the diameters in a one gram sample of gel. For irregular silica gel, the particle size is
determined as the diameter of a sphere with an equivalent volume to the irregular
particle.

Silica gels have a particle size distribution, and samples with a smaller

distribution result in more uniform column packing. Problems such as high backpressure
and channeling occur with the presence of very fine particles (<1 |am) clogging the fiit or
filling in interstitial spaces between larger particles.'^
The most important aspect of silica gel is its pore characteristics. Pore diameter
and volume contribute greatly to the ability of an analyte to penetrate the particle and
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interact with the inner surface.As mentioned earlier, "the ratio of the outer particle
surface to its inner surface is about 1:1000".^° Therefore, molecular interactions occur
mainly on the inside of the particle. This assumes that the pores are equally accessible
through openings as large or larger than the pore itself

The shapes of the pores are

generally unknown, but are thought to be cylindrical, ink bottle, or slit-shaped with the
shape dependent on the preparation technique. Activated carbon fiber is known to have
slit-shaped, uniformly sized pores, making it a good material to study the effects of pore
size on adsorption.^'
Pore volume is measured as the sum of all internal pore volumes in one gram of
silica gel. Techniques used to measure pore volume include both nitrogen adsorption and
mercury porosimetry. Mercury porosimetry is a suitable method for determining the
porosity of a material since it employs a nonwetting liquid like mercury. During this
process, mercury is applied to the silica gel at increasing pressures. As the pressure
increases, smaller and smaller pores are filled with mercury, and the total pore volume of
the material concomitantly rises.Pore diameters can be calculated from pore volume
'J •5

using Equation 4.3 since the diameter is inversely proportional to the pore volume."

Pore volume =

Average Pore Diameter# AverageSurface Area
Constant

(Eqn. 4.3)

21

The constant was calculated to be -3.9 using known physical parameters.
Although these characteristics (pore volume, pore diameter, and surface area) are related,
there is a veiy strong dependence on the actual type of pores that are present. Therefore,
an exact relationship cannot be assumed. In addition, the total length of the pores in a
particle can also be calculated using Equation 4.4.^°

Average Surface Area
Total Pore Length = —-——^
—
3.14 » Average Pore Diameter

(Eqn. 4.4)

Modification of the silica surface has an effect on all of the physical properties.
Although there are many ways to chemically alter the surface, they all result in a decrease
of total surface area. During modification, the pores partially fill with the modifying
material and lose some of their volume.''

To calculate the reduced surface area

(Equation 4.5)'^'^", it is necessaiy to know the area that the modifying material would
occupy when bound to the gel surface. When using polymers, the bond lengths of the
repeat unit must be added up, the number of repeat units must be calculated, and the
maximum length and width of the polymer can then be estimated.

From this, the

approximate area that it occupies can be calculated. However, it may not be possible to
know if the polymer is lying flat on the surface or is dangling out from the surface with
minimal contact. Studies have shown that as macromolecules bind to solid surfaces,
large loops and tails are created and dangle into the surrounding solution. It is also
known that, to a point, the bound polymer thickness on a surface increases with
increasing molecular weight.

In this project, the organosilane group thickness could be
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calculated, but the polymer binding characteristics vary too widely to be considered in
this study.

Modified Surfece Area = 3.14 •(Original Pore Diameter - 2»Adsorbait Width)
* Total Length of Potcs
(Eqn. 4.5)

Many biological systems also employ silica gel in their physical structures.
Mann, et al. has found that biogenic silica gel, when studied by IR, electron microscopy,
«%Q

and Si solid state NMR, has the same amorphous nature as synthetic silica gel. This
enables silica to be used in grasses and many microorganisms. Also, it was determined
that the intemal structure of both biogenic and synthetic silica gels include such binding
moieties as Si(0Si=)30H and Si(0Sis)4.^'^

4.2 Silane Chemistry
This project also involved the use of a group of chemicals known as silanes,
SinH2n+2

In this case, trichlorosilane, HSiCb, was used in the synthesis of

bromopropyltrichlorosilane, BPTCS. Gould (1955) describes working with chlorosilanes
in "scrupulously dry, airtight systems to avoid hydrolysis to HCl(g) and Si02(s)".^^ Cotton,
et al. comments that chlorinated silanes have reduced flammabiUty in air, however, are

more instable in water resulting in very vigorous reactions.^^ Trichlorosilane is a very
volatile substance that would easily escape the reaction apparatus, if it were not airtight,
forming a white precipitate on anything it came in contact with, including glass, metal,
plastic and rubber. Gould notes that silanization is relatively easy due to "the weakness
of the Si-H and Si-Si bonds in comparison to the strength of the Si-0 bonds". Reactivity

23

is also promoted by "the ease of the attack by H2O or O2 on a silicon atom which can
apparently accommodate the attacking reagent by expanding its octet".^^ Cotton, et al.
also suggests that the binding activity of silanes could be due to a "charge separation of
Si^-H^' that results from the greater electronegativity of H than Si.^^

4.3 Silica Gels Used for Optimization
Four silica samples were chosen to determine how optimization of the physical
characteristics affects the metal capture capacity Crosfield silica gel (The Warehouse
Company, Houston, TX) has a particle size range of 90-105 ^ (average 97.5

and an

average surface area of 275 m^/g. The pore diameter is 150 A and the pore volume
(calculated using Equation 4.3) is 1.06 mL/g.

Davisil silica gel from

Aldrich

(Milwaukee, WI) has a particle size distribution of 149-250 jx (average 200 |x) and a
surface area of 311 mVg. The average pore diameter was 141 A with an average pore
volume of 1.1 mL/g. This was the only silica gel sample that had lot information
available.
The other two silica gel samples were obtained by George Torp of Purity Systems,
Inc. (Missoula, MT) from the Qingdao Meigao Chemical Company, Ltd. (Liuting,
Chengyang District, Qingdao, China).

This company was chosen because of the

inexpensive nature of their silica gels and also as an attempt to begin large-scale
production of the silica-polyamine materials for commercial availability. The smaller gel
sample has a particle size range of 74-149 ^ (average 111 |n) and the larger gel sample
has a particle size range of 177-250 ja (average 213 n). Both gels have an average

24

surface area of 350 m^/g, a pore diameter range of 80-100 A, and an average pore
volume of 0.81 mL/g (calculated from Equation 4.3). For each silica gel, the pore
diameters
are considered to be mesoporous, in the range of 50-200

Table 4.1 summarizes these

silica gel properties.
Table 4.1: Silica Gel Properties
Silica Gel Sample
Crosfield
Qingdao Meigao
Qingdao Meigao
Aldrich

Particle Size
Range(u)
90-105
74-149
177-249
149-250

Pore Diameter

(A)
150
80-100
80-100
141

Pore Volume
(mL/g)
1.06
0.81
0.81
1.1

Surface Area

(mVg)
275
300-400
300-400
311

Also, in an attempt to reduce costs and reuse waste materials, leaded and
magnetic waste glass from Dunkirk International Glass & Ceramics Company (Dimkirk,
NY) were used in place of silica gel. Due to their non-reactivity (which is discussed in a
later section), these materials are not focused on.

4.4 Chelating Agents: Polymers and Polyamines
Two polymers were used in the optimization of the silica-polyamine composites.
Polyethyleneimine (PEI) is highly branched with 1°, 2", and 3° amine sites resembling a
"fishnet" structure (See Figure 2.4 where L=H) with a 1:2:1 ratio of 1°: 2°: 3° amines.'^
It has a molecular weight of 1200 g/mol, and was received as a 50% (v/v) aqueous
solution (Sigma Aldrich, Milwaukee, WI).

The relative basicity of the amines is

3°>2°>1° and steric factors favor chelation at the 1° and 2° amines. The 3° amine sites are
points of branching and are thought to be too inflexible to readily bind with metal ions.
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Polyvinylamine (PVA) is linear, consisting of only 1° amines (assxuning there is no
cross-hnking or hydrogen bonding across chains). Three molecular weights of this
polymer were tested to determine if molecular weight makes a difference in metal ion
capture and column behavior. These were 5,000 (5K), 23,000 (23K), and 40,000 (40K)
g/mol (Air Products and Chemicals, Inc., Allentown, PA). The polymers, which were
experimental batches, were received as aqueous solutions (v/v) of 25 % PVA 5K, 32.5 %
PVA 23K, and 25 % PVA 40K, including water and trace amounts of sodium formate.
Since these solutions have lower polymer percentages compared to PEI (50%), more of
each PVA solution was used during the synthesis of the composite materials. The PVA
polymers therefore have the same structure and the same percentage of nitrogen per
repeat unit, but different chain lengths. According to Adamson (1997), there should not
be a difference in molecular weight of these polymers in their addition to the silica
surface, but the lengths of the dangling chains could cause some degree of drag on the
solution that is being flowed past it.
The third chelating agent used for the optimization was Ethyleneimine E-lOO
from The Dow Chemical Company (Midland, MI).

This non-polymeric polyamine

mixture has an average molecular weight of 250-300 g/mol, but also includes larger and
smaller moieties. It consists of a mixture of chemical forms, including linear, branched
and cyclic, and is made up of T, 2°, and 3° amine sites. Interestingly, this is a pot residue
from the production of oligomeric 1,2-diamines from Dow and could potentially be a
inexpensive polyamine for use in this application. The following figure shows PEI and
PVA bound to the silica surface and representative E-lOO structures.
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Figure 4.2; PEI and PVA (shown bound to the surface) and Representative E-lOO
Components
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In each case, materials prepared with Crosfield silica gel were named only for the
polymer that was used (for example PVA-5K), with the exception of WP-1, which is
Crosfield gel and PEL The materials prepared with the other gels were named with the
following abbreviation; Silica Gel Supplier (Identifying Particle Size) Polymer. The
Qingdao Meigao and Aldrich gels are abbreviated as QM and Aid, respectively.

CHAPTER 5; SYNTHESIS OF SH^ICA-POLYAMINE COMPOSITES
5.1 Synthesis of Bromopropyltrichlorosilane (BPTCS)
A reflux set-up (2000ml round bottom flask, condenser, thermometer, and
mechanical stirrer) is flushed with nitrogen for 10-15 minutes. All glass joints are
protected with Teflon sleeves and are tightly parafilmed to reduce the amount of HsiCb
that escapes. 614 mL freshly distilled allyl bromide (Aldrich) is added to the flask. To
this, a couple of nuggets of hydrogen hexachloroplatinate (IV), H2PtCl6 (Aldrich),
dissolved in 1-2 mL of dry bulk THF are added. The light orange mixture is stirred and
heated to reflux (~70°C). Then, 250 mL HSiCls is added dropwise from an addition
funnel with nitrogen flowing to maintain positive pressure. Two more 250ml portions are
added (total addition time 1-2 hours) and the solution turns dark brown. The temperature
falls to ~50°C, and remains here for 3-7 days. During this time, the solution is constantly
stirred and heated. More of the HiPtCle/THF is added about every other day. When the
reaction temperature reached ~90°C, it was distilled to recover the BPTCS. The first
fraction ranged from ~60°C to ~100°C, mostly consisting of allyl bromide and HSiCls.
Fraction 2 had a temperature range from ~100°C to 200°C, involving a very fast
temperature rise to 200°C. An

NMR was taken of each flection to show that product

recovery is complete.
The above synthesis closely follows a procedure suggested by Laane (1967), with
the exception of the addition of trichlorosilane and the subsequent reaction time. Laane
suggests slowly adding this in one portion, keeping the reaction temperature above 65°C
so that the addition takes -24 h. Our method is much faster, but the reaction mixture falls
to about 50°C and remains there for at least 3 days, continuously refluxing. In the Laane
28

29

synthesis, the mixture was then refluxed for an additional 48 hours."^ It is not clear
what the determining factor for the completion of the reaction is for the Laane method. A
temperature increase to 90°C was indicative of the reaction completion for our synthesis.

5.2 Synthesis of P£I Materials
The procedure outlined in U.S. Patent No. 5,695,882 was followed.To prepare
200 g of WP-1, 200 g of Crosfield gel is first cleansed with 800 mL IN reagent grade
nitric acid by refluxing at 100°C for 6 h stirring gently with a mechanical stirrer. The gel
is then washed with 3 X 800 mL of distilled water and 3 X 800 mL of bulk methanol and
air dried overnight. It is then oven dried to obtain a dry weight. Weight loss for the
cleansing step is typically 6.4-7.1%, depending on atmospheric humidity and the original
water adsorption of the gel. Passing moisturized air from a saturated KBr solution
through the gel then hydrates the gel. After 16 h, weight gain is usually 4.2-4.6%. Then,
95.1 mL (error found in patent says to use 951 mL) of freshly distilled BPTCS and 705
mL of dry heptane are mixed and slowly added to the gel. Vigorous HCl gas evolution
and an orange color are evidence of a reaction. When the gas evolution slows, the
mixture is degassed for 5 min via an aspirator and then spun on a rotational stirrer
overnight (16 h). The slurry is then filtered and washed with heptane (3 X 800 mL),
methanol (3X 800 mL), distilled water (3 X 800 mL), and again methanol (3 X 800 mL).
The gel is air and oven dried to a constant weight; typical weight gain is between 30.432.5%. In the last step, 300 g of PEI, 100 mL of distilled water and 300 mL of methanol
are mixed thoroughly and added to the gel. The mixture is degassed and then spun for at
least 24 hours. The patent suggests only 2 h of spinning time, but it has been noted that a
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longer reaction time results in much better coverage of the gel surface. In most cases,
the mixture is spun for at least 48 hours. The gel is then filtered and washed with
distilled water (3 X 800 mL), IN sulfuric acid (IX 800 mL), distilled water (10 X 800
mL), IN ammonium hydroxide (IX 800 mL), distilled water (10 X 800 mL), and finally
bulk methanol (3 X 800 mL). The sulfuric acid and anmionium hydroxide were both
prepared from reagent grade concentrated solutions from Fischer. The gel is then air
dried and ready to use. Typical weight gains for the addition of PEI, when preparing
WP-1, were 35-45%.
This procedure was modified when new materials were synthesized due to
immense excesses of solvents used in the patented preparation. In all cases, the addition
of BPTCS was modified to using 3 moles of BPTCS per kilogram of gel. This was
calculated using Equation 5.1

256.43 gBPTCS 3 mole
ImL BPTCS
;
•
* 7 7 7 7 — *X k gg e l =Xm L B P T C S
mole
kg gel 1.618 g BPTCS

(Eqn.51)
v h
/

Then, enough dry heptane was added to make a 4:1 mixture (mL BPTCS + heptane
solution: grams gel). For example, for 40 g of gel, 19 mL of BPTCS was mixed with 120
mL heptane, for a total of 160 mL solution for 40 g gel. When new PEI materials were
prepared, the amounts of PEI, MeOH and water were also modified. The ratios were that
for every gram of gel, use 1.5 g PEI, 1.5 g MeOH, and 1.0 g water. This also results in a
4:1 ratio of polymer + solvent mixture: gel.
The Dunkirk glass materials did not react during the synthetic procedure. The
mass of the materials did not increase after the hydration step or after the addition of
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either BPTCS or PEI. There was also no HCl gas evolution when the BPTCS was
added. This is evidence of few or no silanol groups on the surface of the glass. Without
these groups, silanization reactions cannot occur.

Therefore, silica gel with ample

surface hydroxyl groups must be used.

5.3 Synthesis of PVA Materials
The same modified procedure as for the PEI materials was followed to prepare
PVA materials except for the addition of the polymer. For each gram of gel, 2 g PVA
and 2 g MeOH were added to the bromopropyl gel. The amount of PVA was increased to
compensate for the lower percentage of PVA solution (25-32%) compared to the PEI
solutions (50%). During initial testing, it was found that if lesser amounts of PVA were
used, the capacity of the resulting material was not sufficient. This modification was
used for the preparation of each PVA material. Relative weight gains for this step were
all similar, and averaged around 35 %.

5.4 Synthesis of E-lOO Materials
The same modified procedure as for the PEI materials was followed for the
preparation of E-lOO materials except for the addition of the polyamine mixture, E-100.
In this case, E-100 was added neat to the bromopropyl gel. This caused problems when
filtering. The polymer + gel mixture was very thick and clogged the flit. When used
later, this polymer was mixed (1:1) with MeOH before adding it to the gel.
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The following table. Table 5.1, summarizes the combinations of the silica gels
and chelating agents that were used. Some of these materials were further modified and
are discussed in the following sections.
Table 5.1: Silica-Polyamine Composite Materials
Material
WP-1
PVA-5K
PVA-23K
PVA-40K
OM(100)PEI
OM(250)PEI
OM(250)E-100
Ald(250)PEI
PVA-23K + E-lOO
PVA-40K + E-lOO
WP-1 + E-lOO
OM(100)PEI + E-lOO

Silica Gel
Crosfield
Crosfield
Crosfield
Crosfield
QM
OM
OM
Aldrich
Crosfield
Crosfield
Crosfield
OM

Polyamine (mw)
PEI (1200)
PVA (5K)
PVA (23K)
PVA (40K)
PEI (1200)
PEI (1200)
E-lOO (250-300)
PEI (1200)
PVA (23K) + E-lOO
PVA (40K) +E-100
PE1(1200) + E-100
PEI (1200)+ E-100

5.5 Addition of E-lOO to Existing Materials
Four composites were selected to study the effects of adding E-lOO to the
previously prepared materials. These were QM(100)PEI, WP-1 (H2O + MeOH) (See
Chapter 5.6), PVA-23K, and PVA-40K. They were selected for two reasons. First, they
each had relatively high residual Br levels, which suggested they would further react with
additional polymer. And second, they were chosen in order to see if there was any
difference between the types of polymers that were used. Since E-lOO is by far the
smallest polyamine moiety used in this project, it was thought that perhaps it could fit
between larger polymeric chains or branches to add to the overall metal capture capacity.
Adamson (1997) suggests that shorter chain polymers, or low molecular weight
molecules, can displace longer polymers if they have a higher affinity for the gel
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surface.'^ These gels were synthesized by using a small ~5 g sample of prepared
material and adding 15 g E-lOO dissolved in 25 g MeOH. MeOH was used this time
since preparing gels with neat E-lOO was so problematic. These materials were named as
the original name + E-100.

5.6 Synthesis of WP-1: Grafting of PEI without Methanol
Two small-scale batches of WP-1 gel were prepared using the method described
earlier. However, for one batch both methanol and water, WP-1 (H2O + MeOH), were
used to dissolve the polymer and in the other batch, only water was used, WP-1 (H2O).
This was done to determine if the addition of methanol affected the percentage of residual
bromine that remained on the gel surface and if there was a difference in flow capacity.
The WP-1 (H2O + MeOH) material was used in the additional E-100 experiments and
also for a % Br analysis to represent WP-1 materials since a previous percentage was not
available.

5.7 Elemental Analysis
As alluded to in previous sections, samples of each material were sent for
elemental analysis to Schwarzkopf Microanalytical Laboratory (Woodside, NY). All of
the samples were tested for residual Br (as % Total Halides as Bromine). This method
for determining the residual Br content was satisfactory due to negligible amoimts of
other halides present in the materials. Bromine analysis was done to determine the
relative amounts of surface coverage of the BPTCS on the silica gel and to what extent
the polyamine reacted with the BPTCS.

CHAPTER 6: EXPERIMENTAL PROCEDURES
6.1 Density Measurements
The density of the unmodified silica gel and the polyamine composites were
estimated by measuring out a volume of the material in a graduated cylinder, compacting
it by tapping the cylinder on the bench, and then weighing it. The densities for the
composites were also calculated using the small columns (volume and mass of the
material) that were prepared for the flow and longevity capacity testing.

6.2 Batch Capacity Tests
0.2500 (±0.0001) g of each material was weighed into a glass vial. Using a
volumetric pipet, 10 mL of a copper sulfate solution was transferred into each vial and
the vials were capped. Initial solution concentrations were as follows; 0.2, 0.1, 0.05,
0.025, 0.0125, 0.00625, 0.003125 M copper sulfate. DupHcates of each combination
were done. The vials were shaken occasionally to ensure complete mixing of the
material with the gel. After 24 hours, the solutions were decanted, diluted, acidified with
1 drop of trace metal grade nitric acid (Fischer Scientific), and tested for copper
concentration using Flame Atomic Absorption (TJA Unicam 969). Additional testing to
check some of the results was done using the same procedure, at high enough
concentrations to analyze the copper solutions by UV-Vis Spectroscopy (Perkin Elmer).
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6.3 Flow Capacity Tests
6.3.A Small Scale. Room Temperature Flow Tests
For each test, -5.0 cc of dry material was packed into a disposable syringe fitted
with a polyethylene fnt to make a column. The column was attached to an FMI Lab
Pump, seit at 10 mL/min, and 50 mL distilled water was pumped through the column to
fully wet the material. Four to six repetitions of the following sequence were performed
on each column: 20 mL of 50 mM CUSO4, 20 mL of distilled water, 2 mL of 4N sulfuric
acid, 2 mL of distilled water, 100 mL of distilled water, 2 mL of 4N ammonium
hydroxide, and 100 mL distilled water. These volumes were the values used per gram of
material in the column. In some cases, there were slight differences in the volume of acid
for elution. This was compensated with additional water added to the acid elution. After
loading the column with Cu (II), the material turns dark blue, indicating that Cu (11) is
chelated to the amine groups. After eluting with acid, the column returns to its original
color, white to light yellow, or remains just slightly blue. Throughout the water rinses
and base regeneration, this color remains. Flowthrough (CUSO4 plus equal volume water
rinse) and elution (H2SO4 plus subsequent water) samples were acidified to pH<2 with
trace metal grade nitric acid (Fischer Scientific) and analyzed by UV-Vis Spectroscopy
(^max = 800 nm) to determine the copper capacity

6.3.B Large Scale High Temperature Flow Test
To assess the performance of WP-1 in contact with a hot 50 mM copper solution,
a large scale, high temperature, high throughput test was conducted. Only the copper
solution was heated; all other solutions were at ambient temperatures. 60.0 g of dry
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WP-1 gel was packed into a large, fritted, polycarbonate column (6x5 cm) and was
hooked up to a Micropump (Model 000-405, Concord, CA) controlled by a Powerstat
(Model 116, Bristol, CN) to allow the solutions to flow upwards through the gel. The
colimin was first flushed with distilled water to wet the gel. Then, 1000 mL 85°C 50 mM
copper sulfate was pumped through at a flowrate of 1 L/min, followed by 1000 mL
distilled water. These effluents (the flowthrough) were collected together and acidified to
pH<2 with trace metal grade nitric acid (Fischer Scientific). At this point, the column
was dark blue, indicating bound copper. Next, 200 mL of 4N sulfuric acid was pumped
through the column, followed by 200 mL of distilled water. These (the elution) were also
collected together and acidified. At this point, the column was light blue, and 2000 mL
distilled water was pumped through to remove any excess acid. Finally, to regenerate to
gel, 200 mL 4N ammonium hydroxide was pumped through, followed by an additional
2000 mL water rinse. This sequence describes one complete cycle for copper capture,
elution and regeneration of the gel. Again, the quantities of each solution are dependent
on the amount of gel used. The flowthrough and elution were analyzed by UV-VIS
spectroscopy (A^ax^SOO nm) to determine the copper concentrations. Room temperature
tests at 50 mL/min were done to get a baseline capacity of 0.433 mmol/g.

6.4 Longevity Capacity Tests
6.4.A Room Temperature Longevity Test
This test was designed to determine if the silica-polyamine composite materials
could withstand numerous consecutive cycles at slow flowrate and ambient conditions.
Due to the number of cycles anticipated, the scale was decreased to reduce the solution
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volumes and materials. About 5 cc of the test material was packed in a disposable 5cc
syringe (1x5 cm) fitted with frits, and hooked up to a variable speed FMI Lab Pump
Model QG 150 (Fluid Metering, Inc., Syosset, NY). In most cases, the same column
used for the flow tests was used for the longevity testing. Before starting the longevity
testing, the interstitial (void) volumes were measured by slowly pumping enough water
through the colimm to wet the material. The tests were conducted using previously
described solution volumes. The tests were made more convenient by using a computeroperated 6-valve solenoid (Cole-Parmer Instrument Co., Vernon Hills, IL) with an MSDOS cycling program written by Dr. Bruce King (See Appendix I). Teflon PFA tubing
(Cole-Parmer) connected each solution to the solenoid valve, and from the solenoid these
solutions passed through pimip and up into the column. The flowrate was set for 48
mL/min, and time was used to estimate what volume would pass through the column for
each step of the cycle. This was very convenient because the exact volumes of each
solution were not important, as long as the column was completely eluted and
regenerated for the next cycle. Therefore, when deciding on times to use, the full amount
of acid, base and water were used. A fraction of the copper solution was used during the
cycles; it was not necessary to fully load the column each time, but it was very important
to regenerate it each time since the acid and base ultimately degrade the material. At
preset intervals, the capacity was tested by fully loading the column with copper, eluting
the copper with acid, regenerating the column, and analyzing the effluents by UV-Vis
(Amax = 800 nm). This was done manually to better control collection volumes. When it
was time to sample, the solenoid was removed and sampling was conducted by moving
tubing from one solution to the other. The sampling intervals were at 25, 75, 150, 250,
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400, 650, 800, 1000, and 1500 cycles. Volumes of each solvent used were dependent on
the grams of material in the columns as was done with all other tests. The average
capacities from the flow tests conducted on each material were used as the baseline
capacity values for the longevity testing. The following table shows the amounts of each
material used in the columns and also the initial bed volume.

Table 6.1: Column Information: Room Temperature Longevity Testing
Material
WP-1
PVA-5K
PVA-23K
PVA-40K
OM(100)PEI
OM(250)PEI
OM(250)E-100
Ald(250)PEI

Amount of Material (g)
2.5
1.9654
2.0740
1.8932
3.2283
3.0988
3.0220
2.5781

Initial Column Volume (mL)
5.0
4.4
5.1
4.9
4.9
4.6
4.4
5.1

6.4.B High Temperature Longevity of WP-1 and IRC-718
This test was designed to determine if WP-1 could withstand numerous high
temperature cycles. As in the high temperature flow test, only the copper sulfate solution
was heated in the process. 3.48 g (-4.4 cc) of WP-1 gel was packed in a disposable 5cc
syringe and the same cycling procedure was followed. About 2000 mL of 50 mM copper
sulfate solution was heated to boiling, ~97®C^^ with a heating mantle in a round bottom
flask. All other solutions were at ambient temperature. Two room temperature tests were
initially done to make sure that proper amounts of each solution were being used and to
get baseline capacity values.
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The same procedure was followed using IRC-718. 3.13 g of dry IRC-718 was
packed into a disposable See syringe, an initial bed volume of -4.4 cc. Table 6.2
summarizes the column information for the high temperature longevity testing.

Table 6.2: Column Information: High Temperature Longevity Testing
Material
WP-1
IRC-718

Amount of Material (g)
3.48
3.13

Initial Column Volume (mL)
4.4
4.4

6.5 Low-level Removal of Copper and Iron from Tap Water
Another possible application of the silica-polyamine composites is the removal of
copper and other metals in low concentrations from potable water. A large-scale column
was prepared with 50.0 g WP-1 gel. A 50 gal drum (189.3 L) was filled with tap water
which was pumped through the column at a rate of -1.13 L/min. The flowthrough was
sampled every 5 gallons until 380 gallons (1483.5 L) of tap water had been pumped
through.

These samples were analyzed via Graphite Furnace Atomic Absorption

Spectroscopy (Perkin Elmer) for Cu^"^ and Fe^"^. Copper and iron standards (1, 2.5, 5 and
10 ppb) were prepared from purchased 1000 ppm AA standards (Aldrich and Fischer,
respectively).

CHAPTER 7: RESULTS AND DISCUSSION
7.1 Elemental Analysis
From the elemental analysis data in Table 7.1, it seems that the physical
characteristics of the materials have an impact on the amount of residual bromine
remaining after the complete synthesis. Data are provided for each material and for
some, analysis was also done on materials just after the addition of BPTCS. These are
designated with "BrPr" in the material title and appear above the finished polyamine
product. For the discussion of WP-1, the WP-1(H20 + MeOH) sample will be used due
to the unavailability of the original WP-1 bromine data.

Table 7.1: Elemental Analysis for Residual Bromine
Material
PVA-5K
PVA-23K
PVA-40K
OM(100)BrPr
QM(100)PEI
OM(250)PEI
OM(250)E-100
Ald(250)BrPr
Ald(250)PEI
WP-1 (H2O + MeOH)
WP-1 (H2O Only)
QM(100)PEI + E-100
WP-1 (H2O + MeOH) + E-lOO
PVA-23K + E-lOO
PVA-40K + E-lOO

% Total Halides as Bromine
3.93
6.23
5.09
13.13
5.68
3.12
<0.60
11.22
1.90
1.87
2.19
2.68
1.02
2.53
2.32

The most obvious difference in the residual bromine content is between materials
that have been silanized (BrPr) and those grafted with a polyamine. In each case, the %
bromine decreases by a large amount, indicating reaction with the polyamine.
40

For
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example, the residual bromine drops from 11.22% for Ald(250)BrPr to 1.90% for
Ald(250)PEI, an 83% drop in bromine content.
The particle size does not greatly effect the residual bromine, as would be
expected.

Ald(250)PEI and WP-KHzO + MeOH) had 1.90% and 1.87% residual

bromine, respectively

However, QM(250)PEI and QM(100)PEI had higher bromine

levels of 3.12% and 5.68%, respectively.
As opposed to the particle size, the percentage of residual bromine is significantly
affected by changes in pore sizes. Ald(250)PEI (1.90%) and QM(250)PEI (3.12%) show
that a higher bromine content is left in the material with the smaller pores. This is also
seen when comparing WP-1 (H2O + MeOH) to QM(100)PEI, 1.90% and 5.68%,
respectively. In both cases, the QM materials have smaller pores and a higher residual
bromine content when PEI is grafted to the silica gel.
The polyamine type used also shows trends in the residual bromine. The E-lOO
material, QM(250)E-100 (<0.60%), has less residual bromine due to the smaller
molecular size of the E-100. This is compared to the QM(250)PEI material (3.12 %).
And, for the materials that had additional E-100 added to them, each of those has a lower
% Br after the addition of the E-100, suggesting that additional bonding was taking place.
Comparing the PVA materials and WP-1 (H2O + MeOH), it is seen that materials
prepared with PVA has a higher % residual bromine than PEI. This could be due to
incomplete coverage with PVA inside the pores because of steric hindrances of the long
chains.
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7.2 Density Measurements
After measuring the densities of the four unmodified silica gels and the composite
materials, interesting trends were found. Crosfield gel (90-105 )li, 150 A) had an average
density of 0.2865 g/mL. The small Qingdao gel (74-149

80-100 A) had an average

density of 0.4663 g/mL while the large one (177-250 la, 80-100 A) had a density of
0.4400 g/mL. Finally, the Aldrich gel (149-250 ja, 141 A) had an average density of
0.3598 g/mL. In each case, the gels were found to be irregular by examination under a
microscope at lOOx magnification. Therefore closest packing of the materials was not
likely when density was measured.

As mentioned earlier, the densities were also

calculated using the grams of material in the column and the bed volume. These values
were all within 11%, most of them within 5%, of the measured density. The measured
densities are represented in Table 7.2.

Table 7.2: Silica Gel Densities
Silica Gel
Sample
Crosfield
Qingdao
Meigao
Qingdao
Meigao
Aldrich

Particle Size
Range(n)
90-105
74-149

Pore
Diameter (A)
150
80-100

Pore Volume
(mL/g)
1.06
0.81

Surface
Area (mVg)
275
300-400

Density
(g/mL)
0.2865
0.4663

177-249

80-100

0.81

300-400

0.4400

149-250

141

1.1

311

0.3598

A comparison of the QM gels reveals that as the average particle size increases
from -100 to -200 |n, there is only a slight difference in the density, 0.4663 and 0.4400
g/mL, respectively. However, a larger difference is seen in the comparison of Crosfield
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to Aldrich. The density of Aldrich (0.3598 g/mL) is quite a bit higher than Crosfield
(0.2865 g/mL). One reason for this large difference in the density could be due to the
particle size distribution. The Crosfield gel has a very small particle size distribution (15
H), but the Aldrich gel is much larger (101 ^). It was mentioned earlier that a small
particle size distribution packs more evenly, while if there are very small particles,
packing can be irregular with interstitial spaces partially filled. This could explain the
difference in density observed between Aldrich and Crosfield and the two QM gels. The
QM gels have almost the same particle size distribution ranges of 177-250 jx (73 jx range)
and 74-149 ^ (75

range). This allows these two gels to pack in a more comparable way

than the Crosfield and Aldrich gels.
After comparing silica gels with similar particle sizes, it is obvious that the pore
characteristics dominate the density trends. Crosfield gel and the small QM gel show an
increased density for the QM gel due to smaller pore size (diameter and volume). The
small QM gel has a larger density than Crosfield simply because if the pores are smaller,
there is more silica present per particle. Comparing the larger particle size silica gels
shows the same trend. The larger QM gel, with much smaller pore characteristics, has a
larger density than the Aldrich gel.
Relatively, the same trends in particle size and pore size are seen after the gels
have been grafted with polymer. In each case, the density increased, suggesting binding
within the pores, which constitutes -99.9% of the total available surface area.

This

increase can be seen comparing the previous table (7.2) to the following table (7.3).
Materials prepared using Crosfield gel (WP-1 and the PVA composites) show
interesting characteristics. First, the density suggests that there is very little difference
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when the molecular weight of the polymer is varied. PVA-5K (0.4008 g/mL) has a
very similar density to both PVA-23K (0.4183 g/mL) and PVA-40K (0.4029 g/mL).
Therefore, fewer 40,000 g/mol molecules with longer chains must bind than 5,000 g/mol
molecules with shorter chains, resulting in a similar density. This also relates back to
Adamson (1997) who said that the thickness of a polymer layer that binds to a surface
becomes independent of molecular weight at a certain point.Comparing polymer types
on Crosfield gel, it is seen that WP-1 was denser than the PVA composites, suggesting
that PEI is slightly denser than PVA. This is sensible because PEI is highly branched
while PVA is linear. Another comparison is seen in QM(250)PEI and QM(250)E-100.
Once again, the PEI version is denser than the E-lOO analog. E-lOO is a mixture of
linear, branched and cyclic polyamines with a low molecular weight. It is possible that
the small size of the E-lOO allows for more complete coverage of the gel.

Table 7.3: Silica-Polyamine Composite Densities
Polymer (mw)
Material
Silica Gel
PEI(1200)
WP-1
Crosfield
PVA (5K)
PVA-5K
Crosfield
PVA (23K)
PVA-23K
Crosfield
PVA (40K)
PVA-40K
Crosfield
PEI(1200)
OM(100)PEI
OM
OM(250)PEI
QM
PEI (1200)
E-lOO
(250-300)
OM(250)E-100
OM
PEI (1200)
Ald(250)PEI
Aldrich
PVA-23K+E-100
PVA (23K) + E-lOO
Crosfield
PVA (40K) +E-100
PVA-40K + E-100
Crosfield
PEI (1200)+ E-100
WP-l(H20+Me0H)
Crosfield
+E-100
PEI (1200)+ E-100
OM(100)PEI+E-100
OM

Density (g/mL)
0.4855
0.4008
0.4183
0.4029
0.6957
0.7228
0.6650
0.5659
0.3641
0.3635
0.4125
0.6443

Density measurements were also made on the materials that had additional E-lOO
grafted to them. These values are included in Table 7.3. In each case, the densities

45

decreased, indicating either surficial binding or possibly replacement of larger
polyamine moieties. For this test, it must be noted that for this test, a new batch of WP-1
was used. This batch of WP-1, known as WP-1 (H2O + MeOH), had a density of 0.6807
g/mL, 29% higher than the batch mentioned previously (0.4855 g/mL). Differences in
individual batches of silica-polyamine composites are quite common.^^ For example,
WP-1 batches have density ranges firom 0.45 to 0.68 g/mL. Capacity measurements, both
in batch and flow conditions, also follow this trend. The WP-1 (H2O + MeOH) material
had the largest density drop of 39.4%, whereas QM(100)PEI + E-lOO only had a 7.4%
drop in density.

7.3 Batch Capacity Tests
Each material showed very similar results fi'om the batch capacity testing. In all
cases, the copper capacities increased as the initial concentration of the copper sulfate
solution increased. And in each case, the capacity began to level off, indicating that the
saturation of the material with copper was being reached. The adsorption capacities for
Cu (II) are presented as a function of the initial concentration of the copper solution in
Figure 7.1. The data for the batch test results can be found in Appendix 11. Values for
WP-1 were documented by Beatty, et al^
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Figure 7.1: Batch Test Adsorption Isotherms
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The particle and pore sizes of the materials both seem to have a negligible effect
on the batch capacities. The capacities at each concentration vary in an almost random
manner, meaning that no one material had the highest batch capacity at every
concentration. The chelating groups (i.e. PVA or PEI) had the only noticeable effect.
The materials prepared with PVA, except PVA-23K, had higher batch capacities on
average than the PEI and E-lOO materials. This could be due to the larger number of 1°
amine sites available in the regular geometries produced upon complexation with Cu (11)
that can lead to better penetration toward the gel surface and deeper into the pores. This
idea is strengthened by Scanning Electron Micrographs (SEM) which show a "blades of
grass" appearance of PVA with large spaces between the "blades" when Cu (H) is
chelated to it. However, PVA-23K had a lower overall batch capacity than the 5K and
40K. This could be due to a higher residual bromine level obtained for PVA-23K
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compared to the others, which in turn leads to PVA-23K being sligjitly different than
PVA-5K and PVA-40K in subsequent measurements and tests. The reason for this
remains unclear.
When comparing PEI to E-lOO materials, the latter shows a higher batch capacity.
If E-100 is boimd in a very regular pattern, with very few of the polyamines protruding
from the surface, swelling of the polyamine may not be as significant as for PEI. In
Scanning Electron Micrographs, PEI shows very prominent swelling that looks like
cauliflower when in contact with Cu (H). This could lead to blockage of some inner
pores, causing a lower batch test capacity Since E-lOO is so small compared to PEI, any
significant swelling could be negligible to the amount seen for PEI.

7.4 Flow Capacity Tests
7.4.A Small Scale. Room Temperature Flow Tests
The following table summarizes the results from the room temperature flow
capacity tests. Flow capacities are noted as Average (SEM), where SEM is the standard
error of the mean flow capacity value. Values for WP-1 were documented by Beatty, et

al^
The results from the flow tests show some interesting trends, however the
majority of them cannot be quantified since all the parameters varied are apparently
interdependent. Therefore, for each material, there are a number of properties that could
be influencing the overall performance.
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Table 7.4: Small Scale Flow Capacity Results
Material

WP-1
PVA-5K
PVA-23K
PVA-40K
OM(100)PEI
OM(250)PEI
OM(250)E100
Ald(250)PEI

Particle
Size Range

Pore
Diameter

(u)

(A)

90-105
90-105
90-105
90-105
77-149
177-250
177-250
149-250

150
150
150
150
80-100
80-100
80-100
141

Pore
Volume
(mL/g)
1.06
1.06
1.06
1.06
0.81
0.81
0.81
1.1

Surface
Area (mVg)

Average Flow
Capacity (mmol/g

275
275
275
275
300-400
300-400
300-400
311

0.84(0.01)
0.89 (0.03)
0.86 (0.05)
0.88 (0.06)
0.79 (0.02)
0.51 (0.02)
0.51 (0.01)
0.86 (0.04)

The particle size of the material had a distinct effect on the flow capacity. If
QM(100)PEI and QM(250)PEI are compared, the flow capacities are 0.79 (0.02) and 0.51
(0.02) mmol/g, respectively. Since the other characteristics of these two materials are the
same, as far as we know, particle size difference is all that is at play here. This difference
in flow capacity can be rationalized by the relative amounts of each material that can be
packed into a column. More of the smaller material can be packed into a column of a
given volume, increasing the total surface area inside the column. Packing the larger
material into the column results in a smaller reactive surface area inside the column. This
difference in reactive surface area results in a lower flow capacity for the larger material.
On the other hand, when WP-1 and Ald(250)PEI are compared, another
interesting trend is observed. The flow capacity of WP-1 was 0.84 (0.01) mmol/g while
for Ald(250)PEI it was 0.86 (0.04) mmol/g.

Unlike the QM materials, there is no

difference in flow capacity, within experimental error. The major cause of this result
goes back to the density of these materials. The unexpectedly high flow capacity of
Ald(250)PEI could be due to the much larger particle size distribution of the Aldrich
silica gel. Such a wide distribution (lOljx) compared to the Crosfield gel (15fx) could
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result in small particles partially replacing interstitial spaces. This would increase the
overall surface area and the capacity of the column.

Another cause of the high

Ald(250)PEI flow capacity could be due to the larger surface area of the silica gel. The
13% higher surface area of the gel, before chemical modification, could result in a higher
capacity as well. The comparison of these two sets of materials indicates that the effect
of particle size on capacity is also very dependent on the particle size distribution of the
gel.
Pore size of the materials is the dominant feature for flow test capacity. However,
as was seen with particle size, there are other physical parameters to be taken into
consideration as well. A comparison of the average flow capacities of QM(250)PEI,
0.51(0.02) mmol/g, with Ald(250)PEI, 0.86(0.04) mmol/g, shows that the material with
the smaller pore characteristics has a smaller flow capacity

However, as mentioned

before, the larger particle size distribution of Aldrich gel could boost that capacity. When
considering smaller pore materials, there is a slightly different and more complex result.
WP-1 has an average flow capacity of 0.85(0.01) mmol/g while QM(100)PEI had
0.79(0.03) mmol/g. The smaller pore material still has the smaller capacity, but to a
lesser extent.

This result also includes the larger particle size distribution for the

QM(100)PEI silica gel, and also the larger surface area of the QM gels compared to
Crosfield. Therefore, because the range in surface area given by the Qingdao Meigao
Chemical Company for these gels is so large, the surface area could be up to -400 m^/g,
which is significantly greater than the Crosfield gel (275 m^/g), causing an abnormally
high flow capacity for the small particle and pore size material QM(100)PEI.
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It must be noted that the flow capacity of QM(100)PEI (0.79 mmol/g) is
thought to be anomalously high. Excess pol5mier on the material could have produced a
higher flow capacity. This material was again washed extensively in water and the flow
test was repeated.

Despite this effort, the same value was achieved.

After more

extensive testing, the capacity dropped to around 0.55 nmiol/g. This was seen when E100 was added and also during longevity testing of QM(100)PEI, discussed in Chapter
7.5.A. A lower value for the flow capacity would improve the above trends for the
particle size and pore sizes of the material optimization. Since this material was retested
on several occasions, the supply has been exhausted and prevents further testing.
However, due to the reproducible flow test capacity, the experimental value will be used
for further discussion of the optimization results.
Finally, the types of chelating agents used for the materials were compared to
determine the effects on flow capacity. Comparison of WP-1 (0.85(0.01) mmol/g), PVA5K (0.89(0.03) mmol/g), PVA-23K (0.86(0.05) mmol/g, and PVA-40K (0.88(0.06)
mmol/g show two features. There are no changes in average flow capacity, within SEM,
when the type of polymer is considered. The differences in molecular weight also do not
affect flow capacity

This follows Adamson's suggestion that adsorption of polymers

increases as the molecular weight increases, but only to a point. After that, adsorption is
independent of molecular weight.'^ Therefore, the flow capacity also follows this trend.
These traits are also seen when comparing QM(250)PEI with QM(250)E-100.

In

addition to molecular weight, this also includes a comparison between a polymer (PEI)
and a mixture of polyamines (E-lOO).
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Flow tests conducted on the materials with additional E-lOO also showed
interesting results. Since each material was prepared on a small gel, Crosfield (90-105
or QM (77-149 |i), comparisons are made only for pore characteristics and polymer type.
The flow capacities of PVA-23K + E-lOO (0.84(0.02) mmol/g) and PVA-40K + E-lOO
(0.79(0.07) mmol/g) were within experimental error of both the original materials, PVA23K and PVA-40K, and with each other. Therefore, the molecular weight of the PVA
polymer was not affected by the addition of E-100. For these materials, the % residual
bromine decreased to about 2.40 from the original material values in Table 7.1, indicating
binding of E-100, but still not a full coverage of the gel surface.
When pore size is considered, there is a difference. When E-lOO was added to
QM(100)PEI, which has a small pore size, the flow capacity dropped from 0.79(0.03)
mmol/g for QM(100)PEI to 0.53(0.02) mmol/g) for QM(100)PEI + E-100. Since perhaps
this material was not fully washed when being synthesized, excess polymer could have
been left on the material. Therefore, it is possible that the small E-100, which could have
a higher affinity for the silica surface, could have replaced any "loose" PEL Recall that
QM(250)E-100 was the only material prepared that had a residual bromine level that was
below the detection hmit, so it must have a fairly high affinity for the silica surface. For
the larger pore material, WP-1 (H2O + MeOH), the flow capacity increased from
0.73(0.04) mmol/g to 0.91(0.01) mmol/g after the E-100 had been added. The % residual
bromine only dropped slightly. This increase in capacity could be due to the ability of
the relatively small polyamine molecules "fitting" in between the branched PEI
molecules, and possibly farther into the pores than the PEI could reach. Therefore, a
mixed composite material like this could improve the overall capacity.
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There was not a significant difference in the flow capacities for the WP-1
materials prepared with and without MeOH. The flow capacity for WP-1 (H2O + MeOH)
was 0.759 mmol/g while WP-1 (H2O) was 0.808 mmol/g. These two values fall within
the range of WP-1 flow capacities that have been obtained for previous batches. This
range is from about 0.6 mmol/g to the highest capacity of 0.84 mmol/g. The residual
bromine for WP-1 (H2O + MeOH) and WP-1 (H2O) were 1.87 % and 2.19 %,
respectively. Again, this is not a significant difference.

7.4.B Large Scale. High Temperature Flow Tests
The high flow rate of these tests did not allow for any significant temperature
change of the copper solution from inlet to outlet.

Most tests showed about 5°C

difference at most. The high flow rate (50 mL/min) most likely contributed to the
observed, but still acceptable, lower capacities. For example, the capacity difference
when testing WP-1 at lOmL/min versus 50 mL/min resulted in flow capacities of 0.844
mmol/g and 0.433 mmol/g, respectively. This is a 48% difference.

A 45% lower

capacity was seen for QM(250)PEI at 50 mL/min when compared to the 10 mL/min
capacity. During the tests, a white, insoluble (in hot or cold water) salt appeared in the
copper sulfate solution. When the solution boiled, a small amount of CO2 gas evolved,
making the solution more basic. Therefore, due to a more slightly basic solution matrix,
the precipitate could be comprised of a combination of complex copper salts, like
CUCI2 Cu(0H)2 and possibly an analogous sulfate complex salt. Copper (11) hydroxide is
also a likely constituent of salt mixture. It is a cream colored powder that decomposes in
hot water, is insoluble in cold water, and soluble in acid, all of which were seen during
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testing.

The boiling copper solution was sampled each time the column was tested to

check for absorbance discrepancies caused by these salts. Backpressure greatly increased
while loading copper onto the column. This could be due to polymer swelling from the
heat or the high flow rate compacting the material. However, each time the column was
eluted with acid, the backpressure subsided. The results are shown below in Figure 7.2.

Figure 7.2; Large Scale High Temperature Flow Test: WP-1
Large-Scale High Temperature Results for WP-1: Elution Data
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From this graph, it is evident that the WP-1 gel can withstand at least 9 successive
cycles with hot copper solutions.

The room temperature baseline capacity at a 50

mL/min flow rate was 0.433 mmol/g and at the end of 9 tests using boiling copper
siilfate, the capacity dropped to 0.402 mmol/g, a 7% loss. Slight mass balance problems
occurred due to volumetric discrepancies of the hot flowthrough solution. Since the acid
elution was done at room temperature, the collection volume should be more accurate;
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therefore, the capacities can be directly related to the amount of copper that was
recovered from the column.

7.5 Longevity Capacity Testing
7.5.A Room Temperature Longevity Tests
In Chapter 2.2 (Figure 2.6), the longevity of WP-1 was discussed in comparison
to Amberlite IRC-718. In this section, each material will be discussed separately with an
accompanying graph and data table in Appendix II.

After each material has been

discussed, a summary table will be provided and overall trends will be discussed. Each
test was conducted using room temperature reagents unless otherwise noted. In each
case, average capacity values are reported as the average (SEM), where SEM is the
standard error of the mean. Another common way to illustrate these results are in
Appendix III, where data is represented as the fraction of Cu (11) adsorbed. This is
calculated using the mmoles of Cu (11) adsorbed, from the capacity in mmol/g and the
grams of material in the columns (Tables 6.1 and 6.2), divided by the mmoles of Cu (II)
introduced. In each longevity test discussed in this section, 3.5 mmol Cu (II) were
introduced from 70 mL of 50 mM CUSO4. Data points neglected in the graphs are
labeled as open squares. Determination of the neglected data was dependent of the
capacity and the mass balance (% recovery of copper). The percent recovery of copper
was consistently lower in some tests than others; therefore, a given value cannot be used.
Instead, data that was within 20% of the mean percentage recovery for each material was
not used in the plots.
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PVA-5K. Overall, the longevity performance of PVA-5K was very good. Figure 7.3

shows an increase in copper capacity during 1500 cycles.

Figure 7.3: Longevity of PVA-5K
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The average flow capacity was 0.89(0.03) mmol/g and after 1500 cycles, the capacity
was 1.18 mmol/g. The average longevity capacity was 0.93(0.01) mmol/g, 4.3% higher
than the average flow capacity. This increase in capacity could be negligible. Flow
capacities for PVA-5K reached values slightly lower than the average longevity capacity.
The testing of this material went very smoothly with only minor problems. At cycle 25, a
minor void space was noticed, along with some minor channeling, but after that, no
problems occurred until cycle 800. During this cycle, the flowrate while loading the
column with copper dropped to -0.5 mL/min (down from 10 mL/min). However, there
was nothing wrong with the data (capacity of 0.891 mmol/g at cycle 800). By cycle
1000, the bottom portion of the column had begun turning gray and the flowrate had
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dropped slightly (~7 mL/min). Once again, there was an increase in capacity to 1 01
mmol/g.

By cycle 1500, the column performed well with no drops in flowrate or

channeling, but there was still a gray portion at the bottom of the column. In all, there
was a 5 7% bed volume loss in the column due to compaction and possible loss of
polymer. However, the rise in longevity capacity suggests that any physical loss of
material was insignificant.

PVA-23K. The average longevity capacity of PVA-23K was 0.70(0.03) mmol/g, down

18.6% from the flow capacity, 0.86(0.05) mmol/g. The capacity of this material after
1500 cycles was 0.737 mmol/g. See Figure 7.4.

Figure 7.4; Longevity of PVA-23K
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The performance of PVA-23K was less satisfactory than PVA-5K due to slower flow
rates and channeling within the column.

Through cycle 250, the capacity steadily
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dropped and channeling occurred for the top half of the column, creating a boldly striped
appearance. Before sampling at cycle 400, the column was disassembled, the material
was allowed to dry, and then repacked into the column. The bed volume had decreased,
therefore an additional frit was added to compensate for the loss. The channeling was
reduced. After this and through cycle 1500, high backpressure and slightly incomplete
loading due to very light chaimeling were the only problems. Flow rate also decreased
with the increased backpressure. The final volume of the column was 4.6 cc, a 9.8% loss.

PVA-40K. As with PVA-23K, PVA-40K also had problems with channeling and low

flow rates. The average flow capacity was 0.88(0.06) mmol/g. The capacity after 1500
cycles was 0.779 mmol/g. The average longevity capacity was 0.77(0.03) mmol/g,
12.5% lower than the average flow capacity. See Figure 7.5.
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Figure 7.5; Longevity of PVA-40K
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Many data points were neglected on the graph due to problems when cycling. The 25*^
cycle capacity was low due to a spot on the column that did not elute properly during the
cycles. This led to a reduced capacity due to a small amount of copper already bound to
the column. Therefore an abnormally high % recovery (145%) resulted due to that extra
copper eluting from the column. From the 25*'' cycle to the 250*'', the flowrate slightly
dropped to 9 mL/min and there was slight incomplete loading of the column probably due
to light channeling. At the 250*^ cycle, channeling was obvoius and the column was
repacked at the 400*'^ cycle.

During the 400^ cycle, the column appeared to be

performing properly, although when the flowthrough and eluent were analyzed, poor
results were found. It is thought that cycle number 399 was not regenerated completely.
These materials, when in contact with copper, can turn quite blue even when the material
has not been regenerated with NH4OH. Therefore to the naked eye, it appears to be
working fine. At cycle 650, the column was completely striped while sampling and was
repacked again. This time there was a significant loss in volume (to about 4.4 cc from
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4.9 cc). Two additional firits were added to the column to reduce the void space. After
the second repacking, the capacity was 0.66 mmol/g with a % recovery of 114%. The
cycling went well until cycle 1000, where there was a slow flowrate (6 mL/min) and high
backpressure. Overall, the column lost 16.3% of its bed volume and ended with an
overall loss in capacity. Despite the problems while testing the material, the capacity
remained fairly high and the material held up pretty well.

Ald{250}PEl.

Ald(250)PEI performed well during the longevity testing, having no

noticeable problems with backpressure, chaimeling, or material volume changes. In fact,
this material could be cycled at the 50 mL/min flow rate without being clamped onto the
pump. See Figure 7.6.

Figure 7.6; Longevity of Ald(250)PEI
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At cycle 25, there was a very poor capacity and a very high percent recovery (145 %);
therefore, it was left out of the trendline for the data. Cycle 250 was skipped due to an
error in setting the number of cycles to complete before the next sample was taken and
cycle 800 was left out due to an abnormally low capacity. At 800, there were no obvious
problems with the column, although the capacity was very low and % recovery was ^
121%, much higher than the average for this material. After 1500 cycles, the capacity
had dropped to 0.686 mmol/g. The average longevity capacity was 0.77(0.03) mmol/g,
10.5% lower than the average flow capacity of 0.86(0.04) mmol/g. Despite the overall
loss, the capacity after 1500 cycles was still quite high.

OM(250)PEL Like the Ald(250)PEI material, this material also had no visual problems

during cycling. Clamping of the column to the pump was also not necessary. The only
error was during the sampling up to cycle 650. These samples, illustrated as open
squares, were done at 50 mL/min instead of 10 mL/min. This resulted in very low
capacities, therefore they are not included in the trendline of the data. See Figure 7.7.
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Figure 7.7; Longevity of QM(250)PEI
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The longevity capacities for this material were substantially lower than the materials
discussed thus far. The average longevity capacity was 0.38(0.03) mmol/g, showing an
obvious downward trend in the data, and a 25.5% loss in capacity, from the flow capacity
average, 0.51(0.02) mmol/g. The final capacity was 0.338 mmol/g. There was no bed
volume loss. Despite the lack of problems associated with the testing, this was a very
poorly performing material.

OM(250)E-100. The longevity of QM(250)E-100 also resulted in low capacities. This

material did not need to be clamped to the pump and did not show noticeable
backpressure or loading problems. See Figure 7.8.
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Figure 7.8: Longevity of QM(250)E-100
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Only at the 25^ cycle were there obvious loading problems. The flowthrough was dark
blue, indicating a loss of polyamine material from the column. The flowthrough was
compared to a solution of E-100 + CUSO4 (0.1 g E-lOO + 10.0 mL 0.00625 M CUSO4) to
determine if there was a correlation. The E-lOO + CUSO4 solution was diluted (1:10) and
a UV-VIS scan (400-900 nm) was done. The plot is shown in Figure 7.9.
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Figure 7.9; Absorbance Scan of Copper Sulfate Solutions
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The plot shows overlap of the flowthrough of the 25^ cycle of QM(250)E-100 (Cycle 25
FT) with both the SOmM CUSO4 and Cu + E-lOO solutions. Other solutions, like the
Elution and Flowthrough (FT) of "normal" trials, were also run to show where samples
usually show peaks in absorbency and their relative magnitudes.
After the 25*'^ cycle, the capacity increased, therefore the loss of E-100 from the
material was probably just excess polyamine that had not been completely removed in
washes during the synthesis. At the end of the cycling, the overall capacity had dropped
from the average flow capacity of 0.51(0.01) mmol/g to 0.396 mmol/g. The average
longevity was 0.42(0.02) mmol/g, 17.6% lower than the average flow capacity. There
was no visual bed volume loss.
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OM(100}PE1. The longevity of QM(100)PEI showed a different behavior than all of
the other materials, in that there was a large drop in capacity by the 25^ cycle, and after
that, it remained fairly steady. See Figure 7.10.

Figure 7.10: Longevity of QM(100)PEI
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It was thought that this material, like QM(250)E-100, was incompletely washed when
synthesized; however, after rewashing this material and retesting the flow capacity, there
was no change. It remained at around 0.79 mmol/g. However, the washing process may
not have been vigorous enough to remove the excess polymer like the first 25 cycles of
loading, elution and regeneration seem to have been. Therefore, this test strengthens the
possibility that the flow test was not accurate. Throughout the test, the flowrate remained
steady at 10 mL/min, however the column required clamping onto the pump due to
increased backpressure from the smaller material. At cycle 800, the % recovery was
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anomalously high (178%), although there were no noticeable problems at that time.
The capacity was also very low (0.307 mmol/g) and was therefore left out of the trendline
data. After 1500 cycles, the capacity was 0.589 mmol/g. The average flow capacity was
0.79 mmol/g, 31.6% higher than the average longevity capacity (0.54 mmol/g). If the
flow capacity had been lower, as speculated, the drop in longevity capacity would have
been much smaller. Overall, the material bed volume decreased from 4.9 to 4.7, a 4.1%
loss.

Summary of Room Temperature Longevity Testing
The following table summarizes the physical changes observed during the
longevity testing of the composite materials. Differences in capacities at the end of the
longevity test are to be understood as losses unless otherwise noted. Average capacities
were used to calculate the percent loss or gain in capacity, starting with the average flow
capacity. This was done to take into account the large amount of scatter that was present
during the longevity tests. The cause of this scatter is unknown, but does not appear to be
related to high backpressures that lead to lower, more labored flowates.

Table 7.5; Longevity Capacity Results
Material

Flow Capacity
mmol/s CSEM)

Average Longevity
Capacity (mmol/g)

Capacity Loss
or Gain (%)

Bed Volume
Loss (%)

WP-l^'
PVA-5K
PVA-23K
PVA-40K
OM(100)PEI
OM(250)PEI
QM(250)E-100
Ald(250)PEI

0.84(0.01)
0.89 (0.03)
0.86 (0.05)
0.88 (0.06)
0.79 (0.03)
0.51 (0.02)
0.51 (0.01)
0.86 (0.04)

0.79(0.01)
0.93 (0.04)
0.70 (0.03)
0.77 (0.03)
0.54 (0.04)
0.38 (0.03)
0.42 (0.02)
0.77 (0.03)

6.0 %
4.3 % Gain
18.6%
12.5 %
31.6%
25.5 %
17.6 %
10.5 %

0.0 %
5.7 %
9.8 %
16.3 %
4.1 %
0.0 %
0.0 %
0.0 %
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The longevity testing revealed several interesting trends. Particle size seems to
have very little effect on the longevity of the materials.
differences in percentage capacity lost.

There were only minor

For example, WP-1 lost only 6.0% and

Ald(250)PEI lost 10.5%, only a 4.5% difference for a change in particle size. Similarly,
QM(100)PEI and QM(250)PEI only had a 5.9% difference in the capacity losses.
Pore size has a much more significant affect of the longevity of the materials.
WP-1 has a capacity loss of only 6.0% while QM(100)PEI lost 31.6%. Ald(250)PEI lost
10.5% in capacity while QM(250)PEI lost 25.5%. Therefore, the material with smaller
pores lost more copper capacity during longevity testing, indicating that perhaps there is
more surficial binding occurring and less in the pores. One other possibility is that the
QM silica gels are less mechanically rigid than the other gels, resulting in a more rapid
degradation of the composite materials. Overall, the QM materials did have the largest
capacity losses except for QM(250)E-100, which lost only 17.6%. The small polyamine
E-lOO could possibly fit into the smallest pores, resulting in an overall smaller longevity
capacity loss. Recall that Br analysis showed that this material had below detection limit
residual bromine, which indicates that more of the silica surface is covered with the
polyamine.
The chelating agent had the most surprising effect on the longevity testing. Recall
that to this point, there were no significant effects on capacity due to the type of chelating
agent used in this study. The comparison of QM(250)PEI (25.5% loss) to QM(250)E100 (17.6% loss) suggests only a slightly larger loss in capacity for the PEI material.
This is also seen with WP-1 (6.0% loss) and PVA-5K (4.3% gain). This could be due to
the highly branched nature of PEI, where there are 3° amine sites that are relatively
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inflexible compared to the T and 2° amines. This additional rigidity could cause
mechanical fractures in the gel on complexation-decomplexation. The PVA materials
show losses in capacity that suggest that the higher molecular weight polymers may
cleave from the same stresses, possibly with enough force to shatter a silica particle, that
could be causing the PEI to lose capacity. High molecular weight trends are also seen in
the bed volume losses. As the molecular weight of the PVA polymer increases, so does
the bed volume loss. These trends for the PVA materials are also consistent with the
observed need for column repacking due to channeling. Also, the higher molecular
weight PVA materials had more backpressure in the column because the longer, dangling
chains increase the drag on the flowing solution. PVA-5K did not need repacking while
PVA-23K needed it once and PVA-40K required it twice.

7.5.B High Temperature Longevity of WP-1 and IRC-718
As with the high temperature flow test, the backpressure when pumping the hot
copper sulfate solution through the WP-1 column was very high, so the column was
clamped tightly in place. The backpressure subsided when the copper was eluted from
the column. Backwashing of the WP-1 column was not necessary during the test. The
flowrate remained steady at 48 mL/min. Due to the larger size of the IRC-718 material,
high backpressures were not as problematic. However, the IRC-718 column did require
backwashing at cycle 150 when the flowrate dropped to 30 mL/min. After backwashing
with water, the flowrate returned to 50 mL/min, but dropped to 40 mL/min by cycle 250.
Cycling was continued without backwashing. By cycle 650, the flowrate held steady at
50 mL/min; however, a 0.4 cc void space was also noticed, probably allowing the hot
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copper solution to pass through the column with greater ease. By the 1500^ cycle, the
void space had increased to 0.6 cc, a 14% loss in bed volume.

This shrinking is

indicative of the degradation of the resin, which was also observed during room
temperature long-term tests.
The insoluble salt, copper (H) hydroxide, appeared and became more evident
during the testing of both materials. Addition of trace metal nitric acid dissolved this salt
and therefore, higher absorbencies of the copper solution and flowthrough were most
likely due to evaporation effects. The boiling copper solution was sampled each time the
column was manually tested to incorporate the higher absorbence values into the
calculations.
Figure 7.11 illustrates the differences in the longevity testing for WP-1 and IRC718 using high temperature copper sulfate solutions and high flow rates. For comparison,
see Figure 2.6 for the room temperature, slow flowrate longevity test of these materials.
As with the other longevity tests, the fractional representation of the data is in Appendix
III. The fractions were calculated as described in earlier sections.
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Figure 7.11: High Temperature Longevity Test: WP-1 vs. IRC-718
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These results show that the WP-1 gel can perform well for at least 1500 cycles
with hot copper sulfate solutions. Compared to room temperature, slow flowrate cycle
testing, the capacities are much lower. At room temperature (Figure 2.6), the capacity of
WP-1 ranges from 0.5-0.8 mmol/g depending on the batch.^ During the begirming of the
test, the data was half to 2/3 of these values. This decrease in capacity is contributed
mostly to the increase in flowrate during this test. A similar decrease in capacity was
seen during the high temperature, high flowrate flow tests of WP-1. The same decrease
in capacity was also seen during the longevity testing of QM(250)PEI, where on several
occasions, the material was tested at 50 mL/min instead of 10 mL/min. Despite the lower
overall capacity, the capacity increased by 13.2% throughout the test.

From the

background capacity, done at room temperature at 50 mL/min, of 0.433 mmol/g, the
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capacity at 1500 cycles increased to 0.49 mmol/g. There was no visible shrinkage of
the gel; the final bed volume was -4.4 cc.
On the other hand, IRC-718 had an overall decrease in capacity. The background
value was 0.403 mmol/g, and after 1500 cycles, the capacity had dropped to 0.264
mmol/g, a 34.5 % drop. A large void space resulted as well.
The comparison of the capacities of WP-1 and IRC-718 at high temperatures is
one strictly of ion removal abilities. Each material employs a different chelating group,
poly(ethylene imine) for WP-1 and iminodiacetic acid for IRC-718 (Figures 2.4 and 2.5,
respectively). Strictly as a comparison of materials, the capacities of WP-1 and IRC-718
after 1500 high temperature cycles were 0.49 mmol/g and 0.264 mmol/g, respectively.
Therefore, as overall materials are concerned, WP-1 is better suited for high temperature
and high-speed (48 mL/min) copper removal and recovery.

WP-1 exhibited no

degradation or shrinkage and also did not require backwashing.

7.6 Low-level Removal of Copper and Iron from Tap Water
This test was terminated after 380 gallons (1438.5 L) had been pxmiped through
the column. The concentration of the metals in the tap water was decreasing steadily, to
the point that there was no difference between the flowthrou^ samples and the untreated
tap water. A representative sample of the tap water was taken every time the drum was
filled and compared to the fiowthrough samples. Throughout the day, the water pipes
were flushed with enough water to remove the higher concentrations of copper and iron.
At the begirming of the test, a ten-fold removal of these two metals was seen; however,
this coincided with filling the drum in the morning. By the end of the day, the copper and
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iron concentrations were almost linear, showing a constant removal level to 3 ppb for
and 1 ppb for Fe^^. The bottom 1/3 of the column was dark orange-brown, while
the top 2/3 was light green. In order to determine the low-level metal removal abilities
of the silica-polyamine composite materials in a more controlled manner, a spiked
solution of distilled water should be used. Tests could include single and multiple metal
spikes, to determine the removal performance when more than one metal is the
contaminating species.

CHAPTER 8: CONCLUSIONS
8.1 Particle Size
The particle size of the silica gels did not seem to have a large effect of the
density of the materials. However, it was found that a wider particle size distribution
does increase the density of silica gel when compared to a sample v^th a smaller size
distribution. The density of the silica gels increased grafting the polyamines to them. No
other new trends from particle size differences were seen. The residual bromine content,
batch test capacities and flow tests were not affected by the particle size or size
distribution of the silica gels.
Longevity testing showed very little, or no, dependence on the particle size.
Larger particles did have some benefits. Losses in bed volume and column backpressure
were virtually nonexistent when larger particles were used. The hydraulic throughput
was greatly improved with the usage of larger particles, resulting in very predictable
flowrates, and did not seem to decrease the capture kinetics of larger gel.

8.2 Pore Size (Volume and Diameter)
The pore size of the silica gels was the dominant feature in each test, except for
the batch tests, which had no dependence on pore size. The density of the materials was
greatly influenced by the pore size of the silica gel. In each case, larger pores (with
larger volumes and diameters) resulted in smaller densities of both the silica gels and the
composite materials.
The residual bromine was higher in materials that had smaller pores. Therefore, it
is thought that steric hindrances could be a very important feature with small pores. It is
72
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possible that the polyamines could not penetrate to the depths of the small pores due to
either very confined spaces within the pores or the inability to pass portions of the pore
that already had polyamines bound to it.
The larger percentage of bromine in the small pore materials is directly related to
the lower flow and longevity capacities of these same materials. In the flow tests, small
pore materials had the lowest capacities, at least 0.2 mmol/g lower than the large pwre
materials which had flow capacities >0.84 mmol/g. Average longevity capacities were
lower for small pore materials and capacity losses were the largest in most cases. These
trends are seen regardless of what the actual flow capacity of QM(100)PEI indicating that
there is a very large dependence on pore size for longevity. There were, at most, very
insignificant, changes in bed volumes for both large and small pore materials.

8.3 Polyamine Chelator
The type of polyamine chelator that was used had a small effect on the density of
the materials. More highly branched polymers, like PEI, had slightly higher densities
than PVA and E-100. Polymers of different molecular weights had no effect on the
density of the materials. The addition of E-100 to existing materials decreased the
density similarly for each material tested, indicating that perhaps surficial binding of the
E-100 was replacing larger polymeric moieties.
The residual bromine content was significantly affected by the type of chelating
agent. Bromine levels were higher for materials prepared with PVA, especially the
higher molecular weights.

These large molecules could cause steric hindrances,

inhibiting a complete surface coverage within the pores or even on the outer surface. The
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E-lOO material had bromine levels that were below detection limit, suggesting a very
complete coverage of the gel surface. When this polyamine was added to other materials,
the bromine content decreased in each case.

However, the amount of decrease is

probably very dependent on the silica gel characteristics. PEI bromine levels fell within
the range of the residual bromine left on PVA and E-lOO materials. The "fishnet"
structure of PEI also falls between the structures of PVA and E-lOO, making this result
very reasonable.
Although PVA-5K and PVA-40K had among the highest residual bromine levels,
the batch test capacities of these materials were the highest. Due to the very regular
structure of the polymer and the abundance of 1° amines, it is thought that the Cu (11) can
chelate with more internal sites on the material. The E-lOO material, QM(250)E-100,
also had a relatively high batch capacity result. The small size and variable structure
could reduce the amount of swelling that occurs during chelation with Cu (II), allowing a
more complete reaction. PEI had the lowest batch capacities, although still acceptable.
This could be due to less Cu (II) binding at 3° amine sites, therefore reducing the overall
number of binding sites for PEI materials. Micrographs of PEI materials indicate show
large amounts of swelling when chelating Cu (II), possibly blocking more internal
binding sites.
The chelating agent did not affect the flow test capacities. Within experimental
error, PEI and the PVA materials prepared on the same silica gel had identical capacities.
E-lOO also had the same capacity as PEI when prepared on the same silica gel. However,
changes in flow test capacities resulted upon the addition of E-lOO to the materials.
Small changes were seen for the PVA materials, suggesting that steric hindrances from
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large molecules did not allow complete penetration of E-100. Also, E-lOO could have
replaced some PVA molecules, depending on the relative affinities of E-lOO and PVA.
This displacement is more likely for QM(100)PEI since excess PEI was most likely left
on the material and the capacity dropped after the addition of E-100. WP-1 (H2O +
MeOH) showed an increase in capacity, indicating that the "fishnet" structure may allow
diffusion of the E-100 molecules into the particle.
The chelator affected the longevity capacity somewhat, the most obvious result
being problems with colximn integrity and subsequent loss in bed volume when high
molecular weight polymers were used.

Increasing the molecular weight of PVA

increased the backpressure, channeling and need for repacking of the column material.
The loss in bed volume increased in a parallel maimer. All of these problems could be
due to the increased length of the polymer tails dangling from the gel surface, causing
increased drag on the flowthrough, increased cleavage of the chains or possible shattering
of the silica particles fi-om the force of protonation and deprotonation on the long chains.

8.4 Comparison of Batch and Flow Test Capacities
Capacities at 50 mM Cu (II) concentrations were compared for the batch and flow
tests, but it was determined that the conditions of the tests are too different to compare
them. For some materials, WP-1, PVA-23K, and Ald(250)PEI, the flow capacities are
much higher than the batch capacities. Fundamental chemical principles suggest that
equilibium conditions should lead to higher capacity results than dynamic conditions.
However, there are several reasons that a dynamic test could give higher or lower values.
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The reaction time for copper chelation to the amine sites is very different for the
two tests.

For batch tests, the Cu (H) solution was in contact with the composite

materials for 24 hours. During this time, Cu (H) and protons competed for sites on the
unprotonated amines.

Also, assuming copper prefers a square planar orientation, it

should eventually chelate with 3 amine sites, and given the 24 hour reaction time, more
of this type of binding could occur. This would result in a lower Cu (11) batch capacity
compared to a flow test. In addition to this, the copper that is bound in batch tests is not
eluted from the materials. Flow test reaction timeframes are much faster, at least 7
minutes for the copper to become bound to the material. Competition also exists with the
protons for the available amine sites, however the timeframe for competitive binding is
also much shorter. In this case, the copper atoms may not have the opportunity to chelate
with 3 amines, but instead with fewer amines, the remaining chelation sites on the copper
occupied with waters. Overall, this would result in a higher flow capacity than batch
capacity.
Another significant difference between the results from the two tests is that the
batch capacity test did not seem to have a dependence on the pore size of the materials.
Pore sizes were very significant in the flow tests. The polyamine chelator was not an
important factor when considering flow tests, but was for the batch tests. Therefore,
physical differences alone can affect the outcomes of these two tests. Pore sizes may
only be important when flow conditions exist, to aid in the penetration of the copper
solution into the particle.
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8.5 Most Successful Combination to Date
Ironically, the most successful material that was tested was probably WP-1, the
first material of this type synthesized. However, PVA-5K was a very successful material
as well. Both materials performed well in flow tests and passed the longevity testing with
very few problems while keeping a very acceptable capacity level. The main difference
between these two materials was that the batch test results for PVA-5K were more
favorable than for WP-1. This is most likely due to the highly regular chelating of PVA
with Cu (II) that results in fewer blockages of the inner amine sites.
The optimization of the silica-polyamine composite materials points to the
importance of pore size on the capacity. Both of these materials were prepared on
Crosfield silica gel with a pore diameter of 150 A and volume of 1.06 mL/g. The pore
size also determines the magnitude of the density. In both cases, the larger pores make
these materials less dense, resulting in more material per cubic foot. This is important for
shipping purposes. The Crosfield gel had the smallest particle size distribution as well.
In the Raw Materials Chapter, particle size distribution was said to contribute to more
efficient columns that have fewer problems with backpressure and channeling. Both of
these materials had slight backpressures, but channeling was not a problem. Neither
material required backwashing or repacking during the longevity tests. However, it was
found that the larger particle size materials had much more efficient hydraulic
throughput, with little or no backpressure.
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8.6 Future Research
For the optimization of the silica-polyamine composite materials, several novel
combinations could be synthesized. This includes more E-lOO materials on different
silica gels and also various combinations of PVA polymers on the QM silica gels. Since
higher molecular weight polymers showed less mechanical integrity in the longevity
testing, further testing of this characteristic could probably be neglected. Further studies
of the dynamics of each test are of interest, including more conclusive physical evidence
of the structures of the materials.
Experimentation with mixed polymer and/or polyamines (like PET + E-lOO) also
are of interest since an increase in flow capacity was observed with this combination.
Modifications of the amine ligands with other metal selective ligands currently employed
in the solvent extraction process are now underway in our laboratories.
And perhaps the most important aspect of the future of this project is in the pilotscale synthesis of the materials in China. Due to the low cost of synthesis in China, this
is the most economical way to make the materials commercially available. Synthesis was
just recently started and testing of the materials has yet to begin.
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APPENDIX I: LONGEVITY CYCLE PROGRAM
PUMP98.exe (Written by Dr. Bruce King)
Command
&h300
0
1
#
7
Copper
6
1,0,0,0,0,0,1,0
Water
15
0,1,0,0,0,0,1,0
Acid
10
0,0,1,0,0,0,1,0
Water
10
0,1,0,0,0,0,1,0
Rinse1
15
0,1,0,0,0,0,1,0
Base
10
0,0,0,1,0,0,1,0
Rinse2
25
0,1,0,0,0,0,1,0

Description
base address of DAS8 interface board
0 for no gray box (controls pump)
sampling interval in seconds
number of cycles to perform (max is 999999999)
number of solvent periods within each cycle
Copper flowthrough step
6 seconds (4.8 mL)
Port 1 on solenoid open. Pump on (manually controlled)
Flowthrough Dilution
15 seconds (12 mL)
Port 2 on solenoid open
Elution of Cu from column
10 seconds (8 mL)
Port 3 on solenoid open
Elution Dilution
10 seconds (8 mL)
Port 2 on solenoid open
Removal of excess acid
15 seconds (12 mL)
Port 2 on solenoid open
Regeneration of gel
10 seconds (8 mL)
Port 4 on solenoid open
Removal of excess base
25 seconds (20 mL)
Port 2 on solenoid open
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APPENDIX II: SELECTED DATA TABLES (BATCH AND
LONGEVITY TESTS)
The following table represents to the batch capacity results.
From Figure 7.1: Batch Test Adsorptioii Isotherm
PVA-23K
PVA-5K
WP-1
[Cu(II)]
0.2
0.1
0.05
0.025
0.0125
0.00625
0.003125

[Cu (II)]
0.2
0.1
0.05
0.025
0.0125
0.00625
0.003125

0.931
0.610
0.575
0.543
0.300
0.076
0.017

1.249
1.15
1.02
0.845
0.473
0.224
0.117

0.762
0.741
0.585
0.509
0.383
0.221
0.115

PVA-40K

QM(100)PEI

1.16
1.16
0.842
0.765
0.442
0.227
0.116

0.750
0.755
0.607
0.575
0.417
0.213
0.103

QM(250)PEI QM(250)E-100 Aid (250)PEI
0.746
0.663
0.625
0.578
0.372
0.165
0.044

0.901
0.894
0.717
0.609
0.332
0.111
0.038

0.700
0.667
0.550
0.513
0.413
0.209
0.098

The following data tables correspond to the longevity figures within the text and are
labeled as such. Bold data were neglected from the figures due to high, or low, percent
recoveries. As stated in the results section, ± 20 % from the mean % recovery was used.
From Figure 2.5; Comparison of Material Longevity: WP-1 vs. ntC-718 (Beatty 2)
Number of Cycles
Capacity IRC-718 (mmol/g)
Capacity WP-1 (nmiol/g)
0
0.340
0.730
50
0.316
0.823
100
0.313
0.844
250
0.276
0.780
500
0.272
0.819
1000
0.298
0.730
1500
0.285
0.813
2000
0.795
0.263
2150
0.271
0.775
2500
0.214
0.729
2750
0.246
0.833
3000
0.218
0.822
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From Figure 13: Longevity of PVA-5K
Number of Cylces
Capacity (mmol/g)
5
25
75
150
250
400
650
800
1000
1500

0.893
0.894
0.739
1.01
0.779
0.609
0.935
0.891
1.01
1.18

From Figure 7.4: Longevity of PVA-23K
Niunber of Cylces
Capacity (mmol/g)
5
25
75
150
250
400
650
800
1000
1500

0.862

% Cu Recovered
(Mass Balance)
93.3

0.735
0.618
0.452
0.652
0.581
0.691
0.734
0.737

96.7
117
160
98.5
123
107
106
106

From Figure 7.5: Longevity of PVA-40K
Number of Cylces
Capacity (mmol/g)
5
25
75
150
250
400
650-1
650-2
800
1000
1500

% Cu Recovered
(Mass Balance)
106
105
132
94.9
120
151
100
106
92.0
85.3

0.880
0.566
0.790
0.780
0.393

% Cu Recovered
(Mass Balance)
98.6
145
83.9
106
>200

0.528
0.606
0.810
0.715
0.779

149
114
98.7
106
107
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From Figure 7.6; Longevity of Ald(250)PEI
Number of Cylces
Capacity (mmol/g)
5
25
75
150
250
400
650
800
1000
1500

0.834
0.412
0.820
0.759

% Cu Recovered
(Mass Balance)
87.1
148
73.4
74.0

0.781
0.877
0.520
0.669
0.686

72.6
81.0
121
101
95.5

From Figure 7.7; Longevity of QM(250)PEI
Number of Cylces
Capacity (mmol/g)
5
25
75
150
250
400
650
800
1000
1500

0.51
0.171
0.184
0.164
0.157
0.178
0.379
0.369
0.328
0.338

From Figure 7.8: Longevity of QM(250)E-100
Number of Cylces
Capacity (imnol/g)
5
25
75
150
250
400
650
800
1000
1500

0.51
0.257
0.358
0.423
0.396
0.454
0.416
0.440
0.406
0.390

% Cu Recovered
(Mass Balance)
93.3
111
110
125
122
124
114
114
95.1
103

% Cu Recovered
(Mass Balance)
94.4
132
117
101
103
94.9
92.8
97.7
101
103

From Figure 7.10; Longevity of QM(100)PEI
Number of Cylces
Capacity (nmiol/g)
5
25
75
150
250
400
650
800
1000
1500

0.804
0.447
0.531
0.545
0.464
0.491
0.547
0.307
0.412
0.589

% Cu Recovered
(Mass Balance)
82.9
119
98.8
91.5
113
121
111
178
105
100

From Figure 7.11; High Temperature and Flow Rate Longevity: WP-1
Number of Cycles
% Cu Recovered
Elution Capacity (mmol/g)
(Mass Balance)
0.38
96.6
RT 1
RT 1
0.42
72.8
25
0.34
98.1
75
0.34
165
150
0.32
152
250
0.41
92.9
450
0.46
105
650
0.58
134
800
0.56
71.7
1000
0.45
103
1500
87.8
0.49

From Figure 7.11; High Temperature and Flow Rate Longevity; IRC-718
Number of Cycles
Elution Capacity (mmol/g)
% Cu Recovered
(Mass Balance)
0.263
RT 1
131
0.255
RT 1
105
1
0.403
157
25
0.345
107
75
0.303
108
150
0.297
76.2
250
0.309
131
350
0.192
28
450
0.306
76.8
550
0.295
60.0
650
0.285
68.2
750
0.293
62.2
950
0.213
55.7
1050
0.283
61.6
1250
0.301
62.7
1500
0.264
62.3
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APPENDIX ID: FRACTIONAL ADSORPTION
REPRESENTATIONS
The following graphs represent the fractional adsorptions of each material tested.
The fractions were calculated, as discussed in the text, as mmoles Cu (II) adsorbed
divided by mmoles Cu (II) introduced. The Cu (II) adsorbed was calculated using the
capacity in mmol/g and the amount of material in the colimm in grams. The Cu (II)
introduced was calculated using the concentration of Cu (H) solution used and the
volume of that solution passed through the column.
Corresponding to Figure 2.6; Comparison of Material Longevity; WP-1 vs. IRC-718
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Corresponding to Figure 7.5; Longevity of PVA-40K
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Corresponding to Figure 7.7: Longevity of QM(250)PEI
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Corresponding to Figure 7.8; Longevity of QM(250)E-100
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Corresponding to Figure 7.10: Longevity of QM(100)PEI
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Corresponding to Figure 7.11: High Temperature Longevity Test: WP-1 vs. IRC-718
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